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Abstract 
Orbital angular momentum (OAM) carried by structured vortex light establishes a new information 
dimension, thereby promising high capacity optical communication and high performance computation in 
both classical and quantum regimes. Meanwhile, laser is the key driver in the field of optics and photonics 
over other photonic components. Since its discovery, laser technology has demonstrated strong impacts 
on a broad variety of applications, especially in today’s information technology supporting fast growing 
cloud computing and communication. As microlaser plays an imperative role in modern integrated 
photonic platforms, the development of OAM microlasers capable of direct generation of vortex light is 
critical in applying unbounded OAMs as information carriers to address the upcoming information 
explosion. However, conventional microlaser designs offer coherent emission with rather simple 
polarization/phase states and suffer from instability. In this work, we bring the non-Hermitian physics into 
the regime of nanophotonics to explore feasible designs of OAM microlasers. Non-Hermitian photonics 
based on parity-time symmetry successfully expands the design freedom from real material permittivity 
to a complete complex domain, providing a versatile toolbox that empowers new functionalities in the 
realm of nanophotonics. Adapting optical non-Hermiticity into the design of microlasers enables 
enhanced lasing stability and efficiency, leading to vortex microlaser emissions with a high sideband 
suppression ratio. By tailoring the complex index modulations at an exceptional point (EP) on a microring 
laser, we demonstrated the very first OAM microlaser of which both the topological charge and the 
polarization state can be designed on demand. More recently, we successfully promoted the OAM 
microlaser technology and achieved a dynamically tunable and scalable vortex microlaser, providing 5 
different OAM states at the same wavelength, by optically controlled non-Hermitian coupling and spin-
orbit interaction. Moreover, we realized the ultrafast control of the fractional OAM by leveraging the rapid 
transient response of the semiconductor optical gain and demonstrated continuous sweeping of the 
fractional charge of microlaser emissions from 0 to +2 in a 100 ps time scale. The toolbox of ultrafast 
generation and control of various vortex light holds great promise for the development of entirely new 
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ORBITAL ANGULAR MOMENTUM MICROLASERS: FROM THE FIRST 
DEMONSTRATION TO ULTRAFAST TUNABILITY 
Zhifeng Zhang 
Liang Feng 
Orbital angular momentum (OAM) carried by structured vortex light establishes a new 
information dimension, thereby promising high capacity optical communication and high 
performance computation in both classical and quantum regimes. Meanwhile, laser is the 
key driver in the field of optics and photonics over other photonic components. Since its 
discovery, laser technology has demonstrated strong impacts on a broad variety of 
applications, especially in today’s information technology supporting fast growing cloud 
computing and communication. As microlaser plays an imperative role in modern 
integrated photonic platforms, the development of OAM microlasers capable of direct 
generation of vortex light is critical in applying unbounded OAMs as information carriers 
to address the upcoming information explosion. However, conventional microlaser 
designs offer coherent emission with rather simple polarization/phase states and suffer 
from instability. In this work, we bring the non-Hermitian physics into the regime of 
nanophotonics to explore feasible designs of OAM microlasers. Non-Hermitian photonics 
based on parity-time symmetry successfully expands the design freedom from real 
material permittivity to a complete complex domain, providing a versatile toolbox that 
empowers new functionalities in the realm of nanophotonics. Adapting optical non-
Hermiticity into the design of microlasers enables enhanced lasing stability and efficiency, 
leading to vortex microlaser emissions with a high sideband suppression ratio. By tailoring 
the complex index modulations at an exceptional point (EP) on a microring laser, we 
iv 
 
demonstrated the very first OAM microlaser of which both the topological charge and the 
polarization state can be designed on demand. More recently, we successfully promoted 
the OAM microlaser technology and achieved a dynamically tunable and scalable vortex 
microlaser, providing 5 different OAM states at the same wavelength, by optically 
controlled non-Hermitian coupling and spin-orbit interaction. Moreover, we realized the 
ultrafast control of the fractional OAM by leveraging the rapid transient response of the 
semiconductor optical gain and demonstrated continuous sweeping of the fractional 
charge of microlaser emissions from 0 to +2 in a 100 ps time scale. The toolbox of ultrafast 
generation and control of various vortex light holds great promise for the development of 
entirely new high-speed secure information systems in a unique multidimensional space. 
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LIST OF ILLUSTRATIONS 
 
Fig. 1-1 Rapidly increasing demand for optical communication bandwidth represented by 
the huge demands of optical fiber cables across the oceans [17].  
 
Fig. 1-2 Orbital angular momentum of light. The helical phase front and intensity 
distribution associated with 5 different OAM orders 𝑙𝑙 = +2, +1, 0,−1,−2. 
 
Fig. 1-3 Optical fiber communication system incorporating multiple different modulation 
and multiplexing techniques including OAM mode-division-multiplexing, polarization-
division-multiplexing, wavelength-division-multiplexing and quadrature amplitude 
modulation through a single vortex fiber. Figure reproduced from [5]. 
 
Fig. 1-4 Generation of OAM through various approaches. Figure reproduced from 
[6,22,23]. 
 
Fig. 1-5, (A) Extended design parameter space enabled by non-Hermitian optics. (B) 
Complex refractive index distribution of a non-Hermitian system with an even function in 
the real part and an odd function in the imaginary part. It is worth noting that such 
distribution is not a sufficient condition for a PT symmetric system.  
 
Fig. 1-6 A non-Hermitian optical system with two coupled waveguides. (A) The system 
undergoes a phase transition from PT symmetric phase to PT broken phase as the 
increase of gain/loss 𝛾𝛾 . (B) Light distributes evenly in both waveguides in the PT 
viii 
 
symmetric phase while distributes unevenly in one of the two waveguides in the PT broken 
phase.   Reproduced from [5]. 
 
Fig. 2-1 Simulation results of the intensity and phase distributions of WGM at the azimuthal 
order of 𝑁𝑁=56 in a microring cavity. (A) The coexistence of the clockwise and 
counterclockwise WGMs lead to an interference pattern, averaging out the OAM. (B) Due 
to the interference, discontinuous phase distribution is observed along the azimuthal 
direction with phase quantized at either 0 or π, further confirming the absence of net OAM. 
 
Fig. 2-2 Simulation results of the intensity and phase distributions of WGM at the azimuthal 
order of N=56 in a microring cavity with combined index and loss/gain modulations at the 
EP. (A) Only the counterclockwise WGM circulates inside the cavity, such that no 
interference is observed and the intensity distribution is thus azimuthally uniform. (B) 
Continuous phase variation is also observed along the azimuthal direction, indicating that 
the WGM carries an effective OAM capable of producing the OAM lasing. The modulation 
strength is set to be 0.01, i.e. n’=n”=0.01. 
 
Fig. 2-3. Design of deposition thickness through 2D axial symmetric simulations. The 
thickness is determined by inspecting the effective mode index of the targeted WGM. The 
single layer Ge is designed to be 13nm and the combo layer Cr/Ge is designed to be 
5nm/11nm, respectively. 
 
Fig. 2-4. (A) Schematic of the OAM microlaser on an InP substrate. The diameter of the 
microring resonator is 9 μm, the width is 1.1 μm, and the height is 1.5 μm (500 nm of 
InGaAsP and 1 μm of InP). Thirteen-nanometer Ge single-layer and 5-nm Cr/11-nm Ge 
ix 
 
bilayer structures are periodically arranged in the azimuthal direction on top of the 
InGaAsP/InP microring, mimicking real index and gain/loss parts of an EP modulation 
at 𝑛𝑛′ = 𝑛𝑛" = 0.01  to support unidirectional power circulation. The designed azimuthal 
order is 𝑁𝑁 = 56  at the resonant wavelength of 1472 nm. Equidistant sidewall scatters with 
a total number of 𝑀𝑀 = 57 are introduced to couple the lasing emission upward, creating 
an OAM vortex emission with a helical wavefront. Its topological charge is defined by 𝑙𝑙 =
𝑁𝑁 −𝑀𝑀 = −1. (B) Simulated phase distribution of emitted light. A spiral phase map for an 
OAM charge-one vortex is clearly demonstrated. 
 
Fig. 2-5 The cross-section view of the radial polarized component |𝐸𝐸𝐸𝐸| (A) and the 
azimuthal polarized component |𝐸𝐸𝐸𝐸𝐸𝐸| (B) for the desired quasi-TM mode in the ring 
resonator. (C) The simulated OAM emission from the microlaser with radial polarization. 
 
Fig. 2-6 Scanning electron microscope images of OAM microlaser. The OAM microlaser 
was fabricated on the InGaAsP/InP platform. Alternating Cr/Ge bilayer and Ge single-layer 
structures were periodically implemented in the azimuthal direction on top of the microring, 
presenting, respectively, the gain/loss and index modulations required for unidirectional 
power circulation. 
 
Fig. 2-7 Detailed fabrication flow of the OAM microlaser. Step 1: Spin coating of positive 
electron beam resist (PMMA); step 2: electron beam patterning of markers for later overlay 
alignment; step 3: gold marker deposition by electron beam evaporation; step 4: lift-off for 
gold markers; step 5: spin coating of PMMA again; step 6: electron beam patterning of 
Ge/Cr combo layer structures; step 7: Ge/Cr imaginary index modulation deposition by 
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electron beam evaporation; step 8: lift-off for Ge/Cr imaginary index modulations and 
repeat step 7 and 8 for the Ge single layer deposition; step 9: spin coating of negative 
resist (HSQ); step 10: electron beam patterning of the microring laser with side wall 
gratings; step 10: Dry etching by ICP/RIE. 
 
Fig. 2-8. Measurement setup to characterize the OAM lasing. 
 
Fig. 2-9 Characterization of OAM lasing. (A) Evolution of the light emission spectrum from 
PL, to ASE, and to lasing at 1474 nm, as the peak power density of pump light was 
increased from0.63, to 0.68, to 2.19 GW/m2, respectively. (B) Input-output laser curve, 
showing a lasing threshold of ~1 GW/m2. 
 
Fig. 2-10 Characterization of OAM lasing. (A) Far-field intensity distribution of the laser 
emission exhibiting a doughnut-shaped profile, where the central dark core is due to the 
phase singularity at the center of the OAM vortex radiation. (B) Off-center self-interference 
of the OAM lasing radiation, showing two inverted forks (marked with arrows) located at 
two phase singularities. Originating from the superposition of central helical and outer 
quasi planar phases intrinsically associated with OAM, the double-fork pattern confirms 
the OAM vortex nature of the laser radiation. 
 
Fig. 2-11 Polarization state of OAM lasing. Measured intensity distributions of the OAM 
lasing radiation passing through a linear polarizer with different polarization orientations 
indicated by arrows: (A) 0°, (B) 90°, (C) 45°, and (D) –45°.The two-lobe structure rotated 
xi 
 
with the rotation of the polarizer in the same fashion, confirming radially polarized OAM 
lasing. 
 
Fig. 3-1 Schematic of the EP-tailored microlaser on an III–V semiconductor platform of 
500 nm InGaAsP multiple quantum wells on an InP substrate. The diameter and the width 
of the microring resonator are 9 and 1.2 μm, respectively. The height of the microring is 
1.5 μm in total including an extension of 1 μm into InP. The EP modulation for 
unidirectional mode oscillation in the microring cavity is introduced by periodic Ge (real 
index modulation) and Ge/Cr (imaginary index modulation) gratings placed on top of the 
ring in the azimuthal direction, corresponding to complex index modulations of n′ = n″ = 
0.01. Here, the designed azimuthal order is m = 56 to achieve the resonant wavelength 
around 1500 nm.  
 
Fig. 3-2 Elimination of spatial hole burning by unidirectional mode oscillation. (A) In the 
EP modulated EP-tailored microlaser, only the counterclockwise mode oscillates. The 
mode intensity is uniform along the microring azimuthal direction (upper panel), thereby 
leading to uniform gain saturation as revealed by the uniform carrier distribution [ΔN(r)] in 
the microring (lower panel). (B) Spatial intensity pattern produced by interference between 
two counter-propagating clockwise and counterclockwise waves having the same 
oscillating frequency and amplitude in a bidirectional microring laser (upper panel) and the 
resulting gain saturation grating pattern (lower panel) of the population inversion ΔN(r), 





Fig. 3-3 Competing dynamics of counter-propagating clockwise and counterclockwise 
traveling wave modes E± in a semiconductor microring laser. The figure shows the 
numerically computed bifurcation diagrams of a microring laser with asymmetric linear 
mode couplings κ+ and κ– induced by combined index and loss gratings. The curves 
depict the extreme of intensity for counterclockwise (ccw, upper panels) and clockwise 
(cw, lower panels) traveling wave modes vs normalized pumping strength μ. Parameter 
values used in the simulations are q = 600 ns–1, γ = 0.5 ns–1, α = 3, and c = 2s = 0.01. (A) 
Conventional ring (no gratings). Small mode coupling arising from spurious backscattering 
is assumed (κ+ = κ– = 0.6–0.04i ns–1). Bidirectional laser emission is observed near 
threshold, followed by alternating traveling wave mode oscillation (dashed area) and 
bistable unidirectional emission. (B) Gratings tailored exactly at the EP (κ– = 5 ns–1, κ+/κ–
 = 0). Here mode coupling is stronger and dominated by grating scattering. Robust 
unidirectional emission is observed at any pumping level μ. (C) Effects of small deviations 
from the EP operation. The figure shows the bifurcation diagram for imperfect gratings (κ–
 = 5 ns–1, κ+/κ– = 1/10). Near the first laser threshold μ = 1, a Hopf (oscillatory) unstable 
regime is observed (shaded area in the figure), however above the “second” laser 
threshold μ = μ2≈ 1.08 stable and (almost) unidirectional continuous-wave emission in the 
counterclockwise mode is restored. The “second” laser threshold μ2 increases with κ+/κ–, 
as shown in the inset of c. In (B) and (C), bistable unidirectional emission in either 
clockwise or counterclockwise modes, leading to stochastic mode switching, can be 
observed but at extremely high pumping levels. 
 
Fig. 3-4 Scanning electron microscope (SEM) images of fabricated samples. (A) SEM 
image of the fabricated EP-tailored microlaser resonator, in which a very thin layer of 
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electron beam resist still remains after etching. (B) Zoom-in image showing the detail of 
the microlaser, where the resist has been removed using wet chemistry for better 
visualizations. (C) SEM picture of the EP modulated microring coupled with a bus 
waveguide with two identical grating couplers on both sides. (D) Zoom-in image showing 
the details of the π-phase-shifted index/loss modulated control sample just after metal lift-
off. 
 
Fig. 3-5 Optical characterization setup for analyzation of spectra and emission patterns. 
 
Fig. 3-6 Demonstration of unidirectional lasing oscillation. Optical image of lasing 
scattering from the gratings and direct radiation from the microlaser. The white boxes 
denote the first few periods in the grating where light is strongly coupled to free space. 
 
Fig 3-7 Comparison of laser actions between the EP-tailored microlaser and the control 
sample of a π-phase-shifted index/loss modulated microring. (A) and (B) show evolutions 
of the light emission spectra of the EP-tailored microlaser and the control sample, from 
photoluminescence to lasing threshold and further to high-power laser action under strong 
pumping, as the peak power density of pump light was increased, respectively. (A) shows 
a robust single-mode operation even under very high pumping power, whereas an 
additional mode is emerging in the control sample as shown in the inset of (B) (side mode 
suppression ratio of about 20 dB). This is because undepleted carriers due to spatial hole 
burning provide additional gain to support the adjacent mode next to the dominant one. 
(C), The input-output power curves for both EP-tailored microlaser and the control sample. 
In experiments, the laser thresholds for the EP-tailored microlaser and the control sample 
xiv 
 
are 103 and 182 kW/cm2, respectively. An enhanced slope efficiency is observed for the 
EP-tailored microlaser due to the maximum usage of optical gain in the entire azimuthal 
of the microlaser. The measured slopes above thresholds are 110.8 counts per kW/cm2 
for the EP-tailored microlaser and 57.7 counts per kW/cm2 for the control sample, 
respectively. (D), The single mode suppression ratio for both EP-tailored microlaser and 
the control sample. Superior single mode operation was observed for the EP-tailored 
microlaser with a suppression ratio over 30dB. 
 
Fig. 3-8 Light emission spectra of the microring laser without any on-top grating for 
increasing optical pumping. (A), Photoluminescence emission; (B), Lasing at threshold, 
and (C), Multimode lasing under high pumping. The peak power density of pump light is 
75 kW/cm2 in (A), 93 kW/cm2 in (B), and 455 kW/cm2 in (C). 
 
Fig. 3-9 Scattering efficiency evaluation with different on-top scatters. (A) Light-light curve 
measured with a sample with both Ge and Ge/Cr modulations. The sample is not 
engineered at an EP. (B) Light-light curve measured with the same sample in (B) but with 
Ge removed. The out coupling efficiency is reduced. 
 
Fig. 4-1 Schematic of non-Hermitian controlled vortex microlaser. The non-Hermitian 
interaction mediated by the externally applied control pump on the bus waveguide can 
flexibly be switched for the emission of OAM states with desirable chirality from the spin-




Fig. 4-2 Design of transverse spin in the evanescent field. (A) Numerically calculated 
transverse spin distribution ⟨𝑬𝑬|𝑳𝑳⟩/|𝑬𝑬|  across the cross-section of the resonator. (B) 
Simulated electric field intensity distribution. The resulting local spin is locked with the 
orbital motion of the cavity mode. Bold black arrow denotes the powerflow direction and 
arrowed circles denote the local spin directions. 
 
Fig. 4-3 Full wave numerical simulation results of chiral cavity modes. (A) Electric field 
distribution in the microring resonator without any control pumping. Interference patterns 
can be seen clearly due to the coexistence of both ↻ and ↺ modes. (B) Electric field 
distribution with left-side control arm pumped, leading to unidirectional ↻ mode lasing. (C) 
Electric field distribution with right-side control arm pumped, leading to unidirectional ↺ 
mode lasing. 
 
Fig. 4-4 Design of radial polarizer. Cross section schematic of the metallic ring radial 
polarizer. The periodicity 𝛬𝛬 of the metallic rings in the radial direction is optimized to be 
600 nm with duty cycle of 300 nm and ℎ of 200 nm. 
 
Fig. 4-5 Fabrication flow of the OAM microlaser. 
 
Fig. 4-6 Scanning electron microscope images of the tunable vortex microlaser. On an 
InGaAsP multiple quantum well platform, the microlaser consists of a main microring 
cavity coupled to an external feedback loop that enables the on-demand chiral control by 
selective pumping and thus enforces the unidirectional coupling between the two 
xvi 
 
circulating modes in the microring. The angular grating is patterned on the inner side wall 
of the microring to produce the vortex laser emission of variable topological charges.   
 
Fig. 4-7 Fabrication flow of the radial polarizer. 
 
Fig. 4-8 SEM image of the radial polarizer. 
 
Fig. 4-9 Optical measurement setup of the OAM microlaser. 
 
Fig. 4-10 Light-light curve of the single vortex microlaser. 
 
Fig. 4-11 Non-Hermitian chiral interactions and experimental characterization of the lasing 
emission. (A) In the absence of non-Hermitian interaction, both the cavity modes 
represented by | |𝑙𝑙|, 𝑠𝑠𝑠𝑠𝑛𝑛(𝑙𝑙),𝜎𝜎⟩ , with 𝑠𝑠𝑠𝑠𝑛𝑛(𝑙𝑙) = ±1  denoting the CCW (↺) and CW (↻) 
oscillations, respectively, and 𝜎𝜎=±1 denoting the left (↑) and right (↓) circularly polarized 
light, are favored for lasing action. (B) Corresponding experimentally measured output 
emissions and off-center self-interference pattern of both the states. (C, D) Lasing 
emission of left-chiral mode measured after the introduction of non-Hermitian interaction 
applied by the right-side control pump. (E, F) Lasing emission of right-chiral mode 
measured after the reversing the non-Hermitian interaction applied by the left-side control 
pump. The shaded rectangular area in the left-hand panels denotes the microring cavity, 
and the shaded elliptical areas refers as non-Hermitian control arms. The red (gray) arrow 
outside the cavity denotes the gain (loss) feedback, while the blue arrow represents 
energy outcoupled from the cavity into the environment. Because of the unidirectional gain 
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feedback, the cavity mode in red color is selectively favored for chiral lasing action, while 
the other cavity mode in blue is suppressed. 
 
Fig. 4-12 Polarization states after passing through the radial polarizer. White arrows 
represent the direction of the linear polarizer. 
 
Fig. 4-13 Experimental characterization of different OAM states at a fixed wavelength. (A) 
Simulated phase distributions of OAMs of charges l=0, ±1, and ±2, showing the helical 
phase winds 2𝑙𝑙𝑙𝑙 around the center. The OAMs of lower three orders were achieved by 
spin-orbit locking and higher order OAMs were obtained by the spin-to-orbit coupling: (σ, 
l)=(±1, ±1) to (σ, l)=(0, ±2). In both cases the chiral symmetry was broken by controllable 
non-Hermitian mode coupling.  (B) Corresponding experimental results showing the off-
center self-interference patterns (Figures are enhanced for better visualization). While no 
significant fringe mismatch was observed for l= 0 state, a pair of inverted forks were 
observed for non-zero OAMs. A single fringe splits into two/three indicating a phase wind 
of 2𝑙𝑙, 4𝑙𝑙 around the center singularity point confirming the OAM of |l|=1,2 respectively. 
The forks associated with opposite chirality were in opposite directions.  (C) Measured 
lasing spectra show all five OAM lasing peaks located at 1492.6 nm, implying that the 
vortex microlaser can generate single-frequency vortex beams of variable OAMs 
simultaneously.  
 
Fig. 4-14 Schematic design and SEM pictures of a two microring OAM lasers. (A) Two 
microrings coupled with each other through two waveguide control arms that implement a 
synthetic imaginary gauge field, i.e. asymmetric mode coupling. Modes in the two rings 
with equal oscillation directions can couple with each other (i.e. the ↻/↺ modes couple 
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with ↻/↺ modes, respectively). Unbalanced gain in upper and lower control waveguide 
arms yields asymmetric mode coupling. (B) SEM pictures of a fabricated laser system. 
Microring radius is 3.5 μm, width is 0.65 μm and height is 200 nm.  𝑀𝑀 = 32 periodic 
scatters are patterned at the inner sidewall of the microring and WGM order 𝑁𝑁 = 32. 
 
Fig. 4-15 Characterization of chirality tuning of two OAM microlaser system. (A) None of 
the two control arms were pumped (i.e. ℎ = 0), and emission was captured from the left-
side ring laser only. The right hand circular polarized component is about equal to the left 
hand circular polarized component. Off-center self-interference shows no fork. (B) The 
upper control arm was pumped (i.e. ℎ < 0) and caused lasing with ↺ mode in the left-side 
ring and ↻ mode in the right-side ring. The left-hand circularly polarized component was 
dominant in the left-side ring emission. Off-center self-interference shows a pair of forks 
where one fringe split into two. (C) The lower control arm was pumped (i.e.  ℎ > 0) and 
caused lasing that has opposite chirality to panel (B) behavior. The right-hand circular 
polarized component is dominant in the left-side ring emission. Off-center self-interference 
also shows a pair of forks where one fringe split into two but in the opposite direction of 
(B) forks.  
 
Fig. 5-1 Ultrafast control of fractional orbital angular momentum (FOAM) by a tunable 
vortex microlaser. An InGaAsP microlaser is embedded in a Si3N4 substrate and coupled 
with an external control arm, both pumped by ultrafast pulses, enabling the desired spin-
orbit interactions. By controlling the time delay between the control and pump pulses, the 
FOAM of laser emissions can be temporally modulated with a picosecond resolution. The 
inset indicates the spatially variated electric field distribution showing vectorial nature of 
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the FOAM emission, assuming the contributions from all 4 spin-OAM components in Eq. 
(5-10) with a specific vortex microlaser design. 
 
Fig. 5-2 Experimental realization and characterization of ultrafast-controlled FOAM laser 
emissions. (A) Schematic of the experimental setup, where two femtosecond pulses (i.e. 
pump and control) are projected onto the vortex microlaser using two MOs and the excited 
laser emission is imaged onto a CCD camera. Inset shows the scanning electron 
microscope image of the tunable vortex microlaser, where angular gratings are patterned 
at the inner side wall to produce the fractional OAM emission.  (B) The spectrum of the 
FOAM emissions from the vortex microlaser, showing single-mode lasing at 1494.6 nm. 
(C) The measured and fitted temporal evolution of laser emissions, showing ultrafast gain 
dynamics in the applied InGaAsP multiple quantum wells with a carrier lifetime of 263.15 
± 1.41 ps. 
 
Fig. 5-3 (A) Measured intensity pattern of the microlaser emissions with arrows indicating 
the polarization states. (B) Measured intensity pattern of the microlaser emissions passing 
through a linear polarizer in the horizontal direction, showing 4 main lobes with a central 
line connecting the upper and lower lobes. (C) Measured intensity pattern of the microlaser 
emissions passing through a linear polarizer in the vertical direction, showing only 4 lobes 
90° rotated with respect to those in (B). 
 
Fig. 5-4 Measured lasing emission intensities when the microring is pumped by different 




Fig. 5-5 Temporal control of FOAM laser emissions. (A) Measured chirality of laser 
emissions as a function of time delay between the pump and control pulses. The inset 
shows a snapshot of the vortex beam, where the dashed white circle area at the center is 
used to analyze the chirality. (B) Measured FOAM charge of laser emissions, which can 
be continuously tuned between 0.18 to 1.57 in a temporal scale of ~100 ps. (C) Measured 
FOAM charge of laser emissions after filtering out the cross-spin component, which can 
be continuously tuned between 1.68 to 2 in the same temporal scale. (D) OAM spectra of 
FOAM laser emissions at different time delays corresponding to the 5 points marked in 
(B). OAM charge -2/+2 component is decreasing/increasing as time delay approaching 
zero. (E) OAM spectra of FOAM laser emissions at different time delays corresponding to 
the 5 points marked in (C). All cross-spin components (i.e. |𝑳𝑳,−2⟩ and |𝑳𝑳, 0⟩) are filtered 
out and pure OAM charge 2 (i.e. |𝑹𝑹, +2⟩)can be achieved at zero time delay. 
 
Fig. 5-6 Full image of one off-center self-interference pattern. The white box region was 
cropped and zoomed in to show the details in the main text. In this full image, four single 
charge forks (2 pairs) are observed with a pair on each side and the 2 pairs face in opposite 
directions. 
 
Fig. 5-7 Temporal evolution of the FOAM laser emissions without filtering out the cross-
spin components. (A) Simulated phase distribution 𝜑𝜑 of the elliptically polarized FOAMs 
at 5 different time delays between the pump and control pulses, carrying a fraction charge 
of l = 0.18, 0.55, 1.57, 0.82 and 0.23, respectively. The two singularity points associated 
with the FOAM vortex field emerge from edges and move toward the center as delay time 
approaching zero. (B) Measured off-center self-interferences of FOAM vortex fields at the 
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5 time delays. As time delay approaching zero, the forks arise from the two singularity 
points of the FOAM field and move toward the center. Forks are marked with white dashed 
lines for better visibility. (C) Measured intensity maps of the FOAM field, featuring dark 
holes around a bright center that arises from OAM charge 0 components (i.e. |𝑹𝑹, 0⟩ and 
|𝑳𝑳, 0⟩). The two dark holes become less visible when the delay time approaches zero as 
they become spatially overlapped with only the |𝑳𝑳, 0⟩ component. 
 
Fig. 5-8 Temporal evolution of the FOAM laser emissions after filtering out the cross-spin 
components. (A) Simulated phase distribution 𝜑𝜑 of the right-handed circularly polarized 
FOAMs at 5 different time delays between the pump and control pulses, carrying a fraction 
charge of l = 1.68, 1.8, 2, 1.86 and 1.71, respectively. The two charge +1 singularity points 
associated with the FOAM vortex field move toward the center and finally merge at zero 
time delay. (B) Measured off-center self-interferences of FOAM vortex fields at the 5 time 
delays. Two separated charge +1 forks merge at zero time delay, where a single fringe 
splits into three indicating an OAM charge of +2. Forks are marked with white dashed lines 
for better visibility. (C) Measured intensity maps of the FOAM field, where the bright center 
arises from the same-spin OAM charge 0 component (i.e. |𝑹𝑹, 0⟩). As the two singularity 
points merge at the center at zero time delay, the bright center (i.e. |𝑹𝑹, 0⟩) vanishes, 




CHAPTER 1 MOTIVATION AND INTRODUCTION 
 
In the digital era of information, the ever exploding communication and 
computation demand, from dramatically growing endpoints such as smart phones and 
self-driving vehicles, is approaching the bottle neck of the current communication and 
computation infrastructures. While photonic technology is finding myriad applications to 
improve the bandwidth of communication and the performance of computation in both 
classical and quantum regimes [1,2], the next generation system requires even larger 
capacity and further miniatured on-chip integration with both active light sources, passive 
waveguides and functional devices.  
Orbital angular momentum (OAM) of light, carried by optical vortex with an 
azimuthal phase dependence ~𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖  (where 𝑙𝑙  is an integer, 𝜑𝜑  is the azimuthal phase 
angle), is an additional degree of freedom of light that holds great promise for high capacity 
communication beyond amplitude, phase, frequency and polarization. Since its discovery 
by Allen, el al. [3] in 1992, OAM of light has attracted considerable attention due to its 
prodigious potential in communication, computation, particle manipulation, microscopy, 
remote sensing and so on [4-11]. Unlike spin angular momentum (SAM) which can only 
take one of two values ±ℏ, the OAM charge 𝑙𝑙 can take, in principle, any integer values. 
This unbounded nature of OAM makes it the perfect candidate for the next generation high 
capacity and miniatured communication system. The effective generation of OAM light or 
optical vortex mainly relies on traditional tabletop optics without the feasibility to be 
integrated on chip. More recently, with the rapid advancing of research in metamaterials 
[12], OAM could be generated by means of planar optics but with additional light sources 
which hinders the complete integration for the efforts of minimization. Meanwhile, 
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microlasers offer robust and compact solution for on-chip integration and are promising 
candidates for miniatured OAM generation. Nevertheless, conventional microlasers 
usually emit relatively simple beams with spatially homogenous polarization and planar 
wavefront and are vulnerable to instabilities [13]. To achieve versatile, robust and fast 
switchable OAM lasing, potentially required by the further information system, from micro 
or even nano lasers, there are still many challenges to be addressed. 
The main challenge arises from the chiral symmetry associated with micro cavities, 
while the emission of light carrying net OAM requires the lift of degeneracy between ±𝑙𝑙 
modes with opposite chirality in a robust way. Moreover, the versatile generation of OAM 
requires a mechanism to dynamically control the OAM order not only on demand but also 
in a fast manner. To address all these challenges, we borrow the concept of non-Hermitian 
physics from quantum mechanism into photonics based on the mathematical equivalence 
between Schrödinger equation and paraxial wave equation [14-16]. The objective of this 
dissertation is to develop vortex microlaser with highly versatile, robust and fast switchable 
emissions. This work will first focus on (i) the design of a vortex microlaser by engineering 
the non-Hermitian complex index modulation at an exceptional point to achieve versatile 
emission with (ii) high robustness and stability. By further harnessing the synergy between 
non-Hermitian physics with spin-orbital interactions, (iii) a dynamically tunable and 
scalable vortex microlaser is demonstrated and (iv) characterized with ultra-fast response.   
This thesis dissertation is organized as follows. In chapter 2, we design, fabricate 
and experimentally validate a vortex microlaser with desired OAM emission. We show 
unidirectional lasing in a microring resonator enabled by engineering the non-Hermicity of 
optical material at an exceptional point, which is then extracted out forming the OAM 
emission. In chapter 3, we theoretically analyze and experimentally verify the robustness 
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and efficiency enhancement of a microring laser with non-Hermitian engineering. In 
chapter 4, we demonstrate a dynamically reconfigurable and scalable vortex microlaser 
enabled by optically controlled non-Hermitian coupling and spin-orbital interaction. In 
chapter 5, we further experimentally demonstrate an ultrafast switchable vortex microlaser 
with the emission of fractional OAM. 
1.1 Orbital angular momentum (OAM) of light 
 
Light, as information carrier, offers tremendous advantages in both power 
efficiency and transmission speed and is the backbone of modern communication systems 
linking different contents across the whole earth. Although nearly all physical properties of 
light, including phase, amplitude, frequency and polarization, are currently used in the 
modulation and multiplexing of light to carry information, the communication bandwidth 
can hardly meet the rapid growing demand (Fig. 1-1). It seems that building more optical 
fibers can ease this upcoming data crunch, however, it is not an efficient way since it still 





Fig. 1-1 Rapidly increasing demand for optical communication bandwidth represented by 
the huge demands of optical fiber cables across the oceans [17].  
 
Fortunately, light is found to carry orbital angular momentum (OAM), in addition to 
linear momentum and spin angular momentum (SAM), an additional degree of freedom 
that is associated with the helical or twisted wavefront [3]. For instance, a Laguerre-
Gaussian (LG) beam in a cylindrical coordinate can be described as: 



















𝑒𝑒𝑒𝑒𝑒𝑒(−𝑖𝑖𝑙𝑙𝜑𝜑) 𝑒𝑒𝑒𝑒 𝑒𝑒�𝑖𝑖𝑖𝑖(𝐸𝐸)� , (1 − 1) 
where, 𝐶𝐶𝑖𝑖𝑙𝑙𝐿𝐿𝐿𝐿 is a normalization factor; 𝑤𝑤0 is the beam waist; 𝑤𝑤(𝐸𝐸) is the radius at which the 
field amplitudes fall to 1/e of their axial values; 𝐿𝐿𝑙𝑙
|𝑖𝑖|  denotes the generalized Laguerre 
polynomial;  𝑅𝑅(𝐸𝐸)  is the wavefront curvature; 𝑖𝑖(𝐸𝐸)  is the Gouy phase. The azimuthal 
dependent phase term 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑖𝑖𝑙𝑙𝜑𝜑), where 𝑙𝑙  is an integer number, denotes the helical 
wavefront associated with OAM. The OAM charge |𝑙𝑙| indicates the number of interwinds 
of the wavefront twist around its principle axis in one wavelength step and the sign of 𝑙𝑙 
denotes the handness of the helicity. Due to the phase winding around the principle axis 
with nonzero 𝑙𝑙, the center phase is undefined (i.e. phase singularity) which results in a 





Fig. 1-2 Orbital angular momentum of light. The helical phase front and intensity 
distribution associated with 5 different OAM orders 𝑙𝑙 = +2, +1, 0,−1,−2.  
 
Being arbitrary integer number, the OAM charge 𝑙𝑙 is unbounded which makes 
OAM particularly useful in communication applications. Thanks to the inherent 
orthogonality, data can be efficiently multiplexed/modulated and 
demultiplexed/demodulated onto/from OAM states. In addition, OAM 
multiplexing/modulation is fully compatible with other multiplexing and modulation 
schemes based on time, phase, amplitude, polarizations and wavelength such that it may 
be easily integrated to greatly increase the capacity of fiber network (Fig. 1-3). Beyond the 
potential as information carrier in optical communication and computation, OAM has also 






Fig. 1-3 Optical fiber communication system incorporating multiple different modulation 
and multiplexing techniques including OAM mode-division-multiplexing, polarization-
division-multiplexing, wavelength-division-multiplexing and quadrature amplitude 
modulation through a single vortex fiber. Figure reproduced from [5]. 
 
The generation of OAM light usually relies on bulk optics with dynamic or geometric 
phase elements such as spiral phase plates, spatial light modulators, Q-plates, computer 
generated holograms, or by recently developed planar optics including various designs of 
metasurfaces and microring resonators [18-23] (Fig. 1-4). Despite being different 
approaches, the main principle of these methods is quite similar, imprinting continuous 





Fig. 1-4 Generation of OAM through various approaches. Figure reproduced from 
[6,22,23]. 
 
1.2 Non-Hermitian photonics 
 
Complex and non-Hermitian systems were generally avoided by researchers in 
quantum theories due to their complex eigen energy spectra. Later, it was found that some 
dedicatedly designed systems with open boundary conditions can still possess completely 
real eigen energy spectra. It was first systematically studied by the seminar paper ‘Real 
spectra in non-Hermitian Hamiltonians having P T symmetry’ by Carl M. Bender and 
Stefan Boettcher in 1998 [24] that non-Hermitian Hamiltonians 𝐻𝐻 can have completely real 
energy spectra given that 𝐻𝐻 commute with its parity (P) and time reversal (T) operators 
(i.e. [𝐻𝐻,𝑃𝑃𝑃𝑃] = 0). Such system is therefore called parity-time (PT) symmetric [25]. Here, 
the parity reversal operator refers to the position & momentum reversal (i.e. 𝑒𝑒� → −𝑒𝑒� & ?̂?𝑒 →
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−?̂?𝑒). The time reversal operator flips the time evolution which effectively act as complex 
conjugation operation (i.e. 𝑒𝑒� → −𝑒𝑒�, ?̂?𝑒 → −?̂?𝑒 & 𝑖𝑖 → −𝑖𝑖). Consequently, the non-Hermitian 
potential is required to be an even function in the real part and an odd function in the 
imaginary part. However, this is not a sufficient condition that guarantees a PT symmetric 
system with real-valued eigen energy as the system can undergo spontaneous symmetry 
breaking crossing a threshold called exceptional point (EP) [26]. 
Due to the complexity of having the PT symmetric system in the condense matter 
physics, the first experimental demonstration was achieved in an optical setting where the 
control of non-Hermicity could be conveniently achieved through exploiting optical gain 
and loss [14,27-29]. It is a nature question that why this concept from quantum theory can 
be applied in photonics regime. Let’s first take a look at the single particle time dependent 









+ 𝑉𝑉(𝑒𝑒)𝑖𝑖, (1 − 2) 
where, ℏ  is the reduced Plank constant; 𝑖𝑖  is the wavefunction; 𝑚𝑚  is the mass; 𝑉𝑉(𝑒𝑒) 





+ 𝑉𝑉(𝑒𝑒) = 𝑙𝑙�
2
2𝑚𝑚
+ 𝑉𝑉(𝑒𝑒) includes 
both kinetic energy and potential energy operators. At the same time, the paraxial wave 









+ 𝑖𝑖0𝑛𝑛(𝑒𝑒)𝐸𝐸, (1 − 3) 
where, 𝐸𝐸 denotes the slowly varying transverse electric field distribution; 𝑖𝑖0 is the wave 
number in free space and 𝑛𝑛(𝑒𝑒)  denotes the spatial refractive index distribution. By 
comparing equation (1-2) and (1-3), it is clear that they are mathematically equivalent. 
Consequently, these two fields of study can be linked together by representing the 
evolution in time by the propagation dynamics in 𝐸𝐸 axis and the potential operator by 
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refractive index distribution. Therefore, the effective Hamiltonian describing the light wave 




+ 𝑖𝑖0𝑛𝑛(𝑒𝑒) whose 
eigen energy is the effective propagation constant in the 𝐸𝐸 direction. 
 
Fig. 1-5, (A) Extended design parameter space enabled by non-Hermitian optics. (B) 
Complex refractive index distribution of a non-Hermitian system with an even function in 
the real part and an odd function in the imaginary part. It is worth noting that such 
distribution is not a sufficient condition for a PT symmetric system.  
 
With this tight connection validated, the concept of non-Hermitian physics can be 
conveniently transferred into the optics regime, which consequently extends the design 
parameter space in optics regime from a real permittivity axis into a complete complex 
permittivity plane (Fig. 1-5A). In analogy with a PT symmetric system in quantum physics, 
the ‘optical potential’ 𝑖𝑖0𝑛𝑛(𝑒𝑒) , where 𝑛𝑛(𝑒𝑒) = 𝑛𝑛𝑅𝑅(𝑒𝑒) + 𝑖𝑖𝑛𝑛𝐼𝐼(𝑒𝑒), is required to be an even 




. (1 − 4) 
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The first experimental PT symmetric optical system contains two coupled optical 
waveguides [27-29] whose Hamiltonian can be written in a 2 by 2 matrix form as: 
𝐻𝐻 = �𝛽𝛽0 + 𝑖𝑖𝛾𝛾 𝜅𝜅𝜅𝜅∗ 𝛽𝛽0 − 𝑖𝑖𝛾𝛾
� (1 − 5) 
where,  𝛽𝛽0  denotes the propagation constant of the mode in a single waveguide; 𝜅𝜅 
denotes the coupling between two modes; ±𝑖𝑖𝛾𝛾 denotes the gain/loss associated with the 
two modes. The eigen energy can be solved as: 
𝛽𝛽± = 𝛽𝛽0 ± �|𝜅𝜅|2 − 𝛾𝛾2 (1 − 6) 
According to equation (1-6), it is clear that there exist two regions with a threshold of 𝛾𝛾 =
|𝜅𝜅| in between, at where the two eigen values collapsed into one (i.e. EP Fig.1-6A). When 
𝛾𝛾 < |𝜅𝜅|, 𝛽𝛽±  are completely real and light distributes evenly across both gain and loss 
waveguides (Fig. 1-6B upper panel), corresponding to a PT symmetric phase; when  𝛾𝛾 >
|𝜅𝜅|, 𝛽𝛽± become complex conjugate with each other and light is more confined within the 
gain or loss waveguide, showing amplification or attenuation along the propagation 




Fig. 1-6 A non-Hermitian optical system with two coupled waveguides. (A) The system 
undergoes a phase transition from PT symmetric phase to PT broken phase as the 
increase of gain/loss 𝛾𝛾 . (B) Light distributes evenly in both waveguides in the PT 
symmetric phase while distributes unevenly in one of the two waveguides in the PT broken 
phase.   Reproduced from [5]. 
 
Since the first successful experimental demonstration in optics, non-Hermitian 
physics greatly extends the design freedom of optical systems into the whole complex 
permittivity plane, leading to the discovery of numerous novel optical devices [30-36]. 
More interestingly, optical loss, considered detrimental for any optical (especially laser) 
systems in the past, becomes a key design factor with the emergency of non-Hermitian 
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CHAPTER 2 ORBITAL ANGULAR MOMENTUM MICROLASER 
 
This chapter is adapted from the following publication: 
P. Miao*, Z. Zhang*, J. Sun*, W. Walasik, S. Longhi, N. M. Litchinitser and L. Feng, 
Orbital angular momentum microlaser. Science, 353(6298), 464-467 (2016). 
* These authors contribute equally to this work. 
The author of this dissertation was the primary researcher and the author of the work. 
 
2.1 Introduction  
 
As discussed in the first chapter, generation of the complex OAM beams usually 
relies on either bulk devices, such as spiral phase plates, spatial light modulators, and 
computer-generated holograms, or recently developed planar optical components, 
including phase modulation–based metasurfaces, q-plates, and silicon resonators [1-6]. 
Although the science of the OAM light beams on the micro- and nanoscale is still in its 
early days, it is likely to advance our knowledge of light interaction with conventional and 
artificial atoms (e.g., quantum dots) provided that the OAM beam is focused to 
subwavelength dimensions [7], facilitating on-chip functionalities for micromanipulation 
and microfluidics. Nevertheless, it remains a grand challenge to integrate the existing 
approaches for OAM microlasers on-a-chip. For an ultimate miniaturized optical 
communication platform, there is a necessity of independent micro- and nanoscale laser 
sources [8] emitting complex vector beams carrying the OAM information.  
One approach to creating an OAM laser [9] is based on combining a conventional 
bulk laser with additional phase-front shaping components. Despite being straightforward, 
this approach relies on rather different device technologies and material platforms, and 
therefore it is not easily scalable and integratable. In this chapter, we integrate the 
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advantages of semiconductor microlasers with the pronounced changes in light 
propagation at the exceptional point [10-14], enabled by optical non-Hermiticity [15,16], to 
realize a fundamentally new, compact, active OAM source on a complementary metal-
oxide-semiconductor (CMOS) compatible platform. 
 
2.2 Microring resonator and whispering gallery modes (WGMs) 
 
We consider a microring cavity that supports whispering gallery modes (WGMs). 
These modes circulate inside the cavity and carry large OAM. However, in a typical ring 
cavity, the clockwise mode and counterclockwise mode usually coexist in pairs but 
possess opposite wave vectors (real part), thereby travelling in opposite directions. 
Moreover, because of the reciprocity between these two counter-propagating modes, they 
share the same lasing conditions in terms of frequency, wavenumber, threshold, and 
intensity. In this case, these two counter-propagating modes usually oscillate together and 
are locked with each other because of spurious feedback in the ring, which couples them. 
Other dynamical regimes, such as alternating oscillation or bistability of the two counter-
propagating modes, may be also observed as a result of nonlinear mode dynamics [17,18]. 
The two counter-propagating modes interfere with each other, forming interference 
patterns in the ring resonator (Fig. 2-1A). For bidirectional oscillation, the orbital angular 
momentum (OAM) information carried by clockwise and counterclockwise WGMs cancels 
with each other. This can be visualized by the phase distribution associated with the 





Fig. 2-1 Simulation results of the intensity and phase distributions of WGM at the azimuthal 
order of 𝑁𝑁=56 in a microring cavity. (A) The coexistence of the clockwise and 
counterclockwise WGMs lead to an interference pattern, averaging out the OAM. (B) Due 
to the interference, discontinuous phase distribution is observed along the azimuthal 
direction with phase quantized at either 0 or π, further confirming the absence of net OAM. 
 
To observe the OAM of an individual WGM, it is essential to introduce a 
mechanism of robust selection of either clockwise or counterclockwise mode. In 
conventional bulk optics, unidirectional ring lasers have been demonstrated by 
implementing a nonreciprocal isolator in the light path. The optical isolator breaks the 
reciprocity between counter-propagating waves, facilitating the desired unidirectional flow. 
This approach, however, is not feasible at the micro- and nanoscale, as the realization of 
micrometer-sized isolators is extremely challenging. 
 




Let’s first consider a two-mode coupled system describing the two counter-






= 𝑖𝑖𝛽𝛽0𝑑𝑑 + 𝑖𝑖𝜅𝜅1𝐵𝐵
𝑑𝑑𝐵𝐵
𝑅𝑅𝑑𝑑𝜑𝜑
= 𝑖𝑖𝛽𝛽0𝐵𝐵 + 𝑖𝑖𝜅𝜅2𝑑𝑑
, (2 − 1) 
where, 𝑑𝑑 and 𝐵𝐵 denotes the amplitude of the clockwise and counterclockwise modes, 
respectively; 𝑅𝑅 denotes the radius of the optical path; 𝜑𝜑 denotes the angle in the azimuthal 
direction; 𝛽𝛽0 denotes the intrinsic propagation constant associated with the two modes and  
𝜅𝜅1,2  denotes the engineered coupling between these two modes. The chirality of this 
system can be conveniently defined as 𝐶𝐶 = (|𝑑𝑑| − |𝐵𝐵|)/(|𝑑𝑑| + |𝐵𝐵|) . To achieve the 
essential unidirectional oscillation, 𝐶𝐶 must equal to +1 or -1 (i.e. either 𝑑𝑑 or 𝐵𝐵 equals zero). 
In the Hermitian limit, where 𝜅𝜅1 = 𝜅𝜅2∗, |𝑑𝑑| always equal to |𝐵𝐵|. The desired unidirectional 
lasing in the microring resonator is missing in a Hermitian engineered system. 
 To overcome such fundamental limitation of mirror symmetry and Hermitian 
design principle, we investigate into a non-Hermitian system where 𝜅𝜅1  and 𝜅𝜅2  can be 
engineered with extraordinary freedom. By solving the Eq. (2-1), it is clear that either 𝜅𝜅1 =
0 or 𝜅𝜅2 = 0 has to be satisfied which corresponds to an exceptional point (EP) of the non-
Hermitian system. The following complex gain/loss index ( 𝑖𝑖𝑛𝑛′′ ) and real index (𝑛𝑛′ ) 
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(2 − 2) 
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where N denotes the azimuthal number of the targeted WGM, and p takes integer values 
from the set {0, N – 1}. Hence, 𝜅𝜅1 and 𝜅𝜅2 can be rewrite as: 
�
𝜅𝜅1 = (𝑛𝑛′ − 𝑛𝑛′′)𝜅𝜅
𝜅𝜅2 = (𝑛𝑛′ + 𝑛𝑛′′)𝜅𝜅
, (2 − 3) 
where 𝜅𝜅 is a constant. And the complex wavenumber of Eq. (2-1) can be consequently 
solved as: 
𝛽𝛽 = 𝛽𝛽0 ± 𝜅𝜅�𝑛𝑛′2 − 𝑛𝑛′′2. (2 − 4) 
If 𝑛𝑛′=𝑛𝑛′′, as in our design, the coupling between the two modes become unidirectional. An 
EP consequently occurs: two counter-propagating WGMs coalesce and become 
accidentally degenerate. As a result, one of them oscillates, but the other one is 
suppressed, leading to the unidirectional power flow as well as continuous phase variation 
inside the cavity (Fig. 2-2). 
It is worth noting that the center of mass of the WGM shifts outwards because of 
the finite curvature of the ring (centrifugal force). Therefore, the WGM is more sensitive to 
the modulations and scatters introduced along the perimeter of the ring. This is the reason 
why we later introduce the scatters along the outer perimeter for an efficient extraction of 




Fig. 2-2 Simulation results of the intensity and phase distributions of WGM at the azimuthal 
order of N=56 in a microring cavity with combined index and loss/gain modulations at the 
EP. (A) Only the counterclockwise WGM circulates inside the cavity, such that no 
interference is observed and the intensity distribution is thus azimuthally uniform. (B) 
Continuous phase variation is also observed along the azimuthal direction, indicating that 
the WGM carries an effective OAM capable of producing the OAM lasing. The modulation 
strength is set to be 0.01, i.e. n’=n”=0.01. 
 
The microring laser resonator is designed with 500-nm-thick InGaAsP multiple 
quantum wells on an InP substrate. The complex refractive index grating is achieved by 
placing on top of InGaAsP along the azimuthal direction (𝜃𝜃) periodically alternate single-
layer Ge and bilayer Cr/Ge structures, corresponding to the real refractive index (n′) and 
imaginary gain/loss (n″) in the cavity, respectively (Fig. 2-4A). The deposition thickness is 
determined through 2D axial symmetric simulations (Fig. 2-3) by inspecting the effective 




Fig. 2-3. Design of deposition thickness through 2D axial symmetric simulations. The 
thickness is determined by inspecting the effective mode index of the targeted WGM. The 
single layer Ge is designed to be 13nm and the combo layer Cr/Ge is designed to be 
5nm/11nm, respectively. 
 
2.4 OAM extraction and polarization engineering with an angular grating 
 
The OAM associated with the unidirectional power flow is extracted upward into 
free space by introducing side wall modulations periodically arranged along the microring 
perimeter [6]. The azimuthal phase dependence of the targeted unidirectional Nth WGM is 
given by 𝜑𝜑 = 𝑁𝑁𝜃𝜃 . The sidewall modulations coherently scatter light, with the phase 
continuously varying in azimuthal direction, defined by the locations of the scatters (Fig. 
2-4A, inset). For M equidistant scatters, the locations of the scatters are given by 𝜃𝜃𝑠𝑠 =
2𝑙𝑙𝑠𝑠/𝑀𝑀, where 𝑠𝑠 ∈ {0,𝑀𝑀 − 1}, resulting in the extracted phase 𝜃𝜃𝑠𝑠 = 2𝑙𝑙𝑠𝑠𝑁𝑁/𝑀𝑀 that carries 
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OAM. Because the physically meaningful phase is measured modulo 2𝑙𝑙, we can subtract 




. (2 − 5) 
Equation 2-5 shows that the extracted phase increases linearly from 0 to 
2𝑙𝑙(𝑁𝑁 −𝑀𝑀), thereby creating a vortex beam with topological charge 𝑙𝑙 = 𝑁𝑁 −𝑀𝑀. Figure 2-
4B shows the modeling result of the vortex laser emission from our OAM microlaser, where 
𝑁𝑁 =  56 and 𝑀𝑀 =  57. The phase of the electric field changes by 2p upon one full circle 
around the center of the vortex. The phase is continuous everywhere except for the center 
of the emission path, presenting a topological phase singularity point at the beam axis. 
The topological charge of the vortex emission can be viewed as the number of twists done 
by the wavefront in one wavelength, exhibiting OAM lasing of charge 𝑙𝑙 =  −1. 
 
 
Fig. 2-4. (A) Schematic of the OAM microlaser on an InP substrate. The diameter of the 
microring resonator is 9 μm, the width is 1.1 μm, and the height is 1.5 μm (500 nm of 
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InGaAsP and 1 μm of InP). Thirteen-nanometer Ge single-layer and 5-nm Cr/11-nm Ge 
bilayer structures are periodically arranged in the azimuthal direction on top of the 
InGaAsP/InP microring, mimicking real index and gain/loss parts of an EP modulation 
at 𝑛𝑛′ = 𝑛𝑛" = 0.01  to support unidirectional power circulation. The designed azimuthal 
order is 𝑁𝑁 = 56  at the resonant wavelength of 1472 nm. Equidistant sidewall scatters with 
a total number of 𝑀𝑀 = 57 are introduced to couple the lasing emission upward, creating 
an OAM vortex emission with a helical wavefront. Its topological charge is defined by 𝑙𝑙 =
𝑁𝑁 −𝑀𝑀 = −1. (B) Simulated phase distribution of emitted light. A spiral phase map for an 
OAM charge-one vortex is clearly demonstrated. 
 
Due to the rotational symmetry of the ring resonator and angular gratings on the 
side wall, the OAM lasing beam is expected to be a cylindrical vector beam with a 
rotational symmetric polarization. The polarization of the emitted lasing beam is 
determined by the polarization of the light inside the micro-ring cavity at the location where 
scatters are placed. In other words, the scattered light carries the same polarization as the 




Fig. 2-5 The cross-section view of the radial polarized component |𝐸𝐸𝐸𝐸| (A) and the 
azimuthal polarized component |𝐸𝐸𝐸𝐸𝐸𝐸| (B) for the desired quasi-TM mode in the ring 
resonator. (C) The simulated OAM emission from the microlaser with radial polarization. 
 
In our microring cavity, the quasi-TM mode is designed to be the lasing mode. The 
field distributions of both radial and azimuthal polarization components in the cross-section 
of the OAM microring laser can be seen in Fig. 2-5. While the azimuthal polarization 
component of the WGM is mainly localized at the upper and lower boundaries of the 
InGaAsP layer, the radial polarization component transversely extends outside the ring 
perimeter. As a result, only the radial polarization component can “see” the introduced 
sidewall scatters. Therefore, the laser radiation resulting from the scattering of the 




2.5 Experimental demonstration of the OAM microlaser 
 
2.5.1 Fabrication of the sample 
 
Fig. 2-6 Scanning electron microscope images of OAM microlaser. The OAM microlaser 
was fabricated on the InGaAsP/InP platform. Alternating Cr/Ge bilayer and Ge single-layer 
structures were periodically implemented in the azimuthal direction on top of the microring, 
presenting, respectively, the gain/loss and index modulations required for unidirectional 
power circulation. 
 
The OAM microring laser with the EP modulation by periodically arranged Ge and 
Cr/Ge (Fig. 2-6) was fabricated using overlay electron beam lithography processes with 
accurate alignments. First, periodically arranged structures for the imaginary part of index 
modulation were patterned in polymethyl methacrylate (PMMA) by electron beam 
lithography, followed by electron beam evaporation of Ge/Cr and lift-off in acetone. Next, 
the structures corresponding to the real part of index modulation were patterned, followed 
by deposition and lift-off of Ge. Then the microring resonator with sidewall modulations 
was defined with aligned electron beam lithography using hydrogen silsesquioxane (HSQ), 
followed by dry etching with mixed gases of Cl2 and BCl3 to accomplish the OAM lasing 




Fig. 2-7 Detailed fabrication flow of the OAM microlaser. Step 1: Spin coating of positive 
electron beam resist (PMMA); step 2: electron beam patterning of markers for later overlay 
alignment; step 3: gold marker deposition by electron beam evaporation; step 4: lift-off for 
gold markers; step 5: spin coating of PMMA again; step 6: electron beam patterning of 
Ge/Cr combo layer structures; step 7: Ge/Cr imaginary index modulation deposition by 
electron beam evaporation; step 8: lift-off for Ge/Cr imaginary index modulations and 
repeat step 7 and 8 for the Ge single layer deposition; step 9: spin coating of negative 
resist (HSQ); step 10: electron beam patterning of the microring laser with side wall 
gratings; step 10: Dry etching by ICP/RIE. 
 
2.5.2 Optical characterization of the OAM emission 
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The OAM microlaser based on InGaAsP multi quantum wells (MQWs) was 
designed for optical pumping, the setup shown in Fig. 2-8 is used to obtain the spectral 
characteristics of our laser and to confirm the vortex nature of the emitted radiation. 
 
Fig. 2-8. Measurement setup to characterize the OAM lasing. 
 
In our experiment, the fabricated OAM laser was pumped by a nanosecond pulsed 
laser of a 50 kHz repetition rate and an 8 ns pulse duration at the wavelength of 1064 nm 
projecting onto the sample from the backside (through the InP substrate, which is 
transparent for this wavelength). The pump power was controlled with a variable neutral 
density (ND) filter, monitored by a power meter. The pump beam was selectively reflected 
by a long-pass dichroic mirror (1180 nm cutoff wavelength) and focused onto the microring 
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cavity using a Mitutoyo 20X near infrared (NIR) long-working distance objective (NA= 0.4). 
The lasing emission from the backside was collected by the same microscope objective 
and then guided into the monochromator and detected by a TE cooled InGaAs detector 
for the spectral analysis in the range from 1400 to 1600 nm.  
Simultaneously, the emission from the front side was utilized for self-interference 
to characterize the OAM nature of the lasing emission. The lasing radiation from the front 
side was collected and collimated using another Nikon 20X objective (NA= 0.45). A 
modified Mach-Zehnder interferometer was built to observe its self-interference. The 
forward emitted beam was split into two beams, and then recombined using an off-center, 
quasi-parallel beam alignment to form an interference pattern recorded by a CCD camera. 
Because of the nanosecond pulsed optical pumping, the lasing is expected to be a pulse 
with its duration lasting also in the nanosecond regime. In order to ensure the time overlap 
between the two beams, the optical path in one arm of the interferometer was adjusted 




Fig. 2-9 Characterization of OAM lasing. (A) Evolution of the light emission spectrum from 
PL, to ASE, and to lasing at 1474 nm, as the peak power density of pump light was 
increased from0.63, to 0.68, to 2.19 GW/m2, respectively. (B) Input-output laser curve, 
showing a lasing threshold of ~1 GW/m2. 
 
Enabled by the non-Hermitian design at an EP, the unidirectional power flow 
oscillating in the cavity eliminates the undesired spatial hole-burning effect that would be 
created by the interference pattern of two counterpropagating WGMs. The preferential 
gain saturation in the antinodes of the interference pattern would cause spatial gain 
inhomogeneity, leading to a decrease in the laser slope efficiency, multi longitudinal mode 
operation, and unstable laser emission. In our OAM microlaser, unidirectional power flow 
forced at the EP modulation leverages efficient and stable single-mode lasing (see 
Chapter 3) with a sideband suppression ratio of ~40 dB (Fig. 2-9). In the transition from 
broadband photoluminescence (PL), to amplified spontaneous emission (ASE), and finally 
to lasing (Fig. 2-9, A and B), the emission peak stabilized at the same resonant wavelength, 





Fig. 2-10 Characterization of OAM lasing. (A) Far-field intensity distribution of the laser 
emission exhibiting a doughnut-shaped profile, where the central dark core is due to the 
phase singularity at the center of the OAM vortex radiation. (B) Off-center self-interference 
of the OAM lasing radiation, showing two inverted forks (marked with arrows) located at 
two phase singularities. Originating from the superposition of central helical and outer 
quasi planar phases intrinsically associated with OAM, the double-fork pattern confirms 
the OAM vortex nature of the laser radiation. 
 
The OAM characteristics, such as the vortex nature and the phase singularity, 
were characterized by analyzing the spatial intensity profile of lasing emission and its self-
interference (Fig. 2-8).  In the far field, we observed the intensity of lasing emission 
spatially distributed in a doughnut shape with a dark core in the center (Fig. 2-10A). The 
observed dark center is due to the topological phase singularity at the beam axis where 
the phase becomes discontinuous, as predicted in Fig. 2-4B. The presence of the OAM 
was then validated by the self-interference of two doughnut-shaped beams split from the 
same lasing emission. In each doughnut beam, because of its OAM, optical phase varies 
more markedly with a helical phase front close to the central singularity area, whereas the 
outer doughnut area is of a relatively uniform quasi planar phase front. At the observation 
plane, we intentionally created a horizontal offset between two doughnut beams, so that 
the dark center of one beam overlapped with the bright doughnut area of the other, and 
vice versa. The resulting interference patterns between the helical and quasi planar phase 
fronts revealed two inverted forks (Fig. 2-10B), as the quasi planar and helical phases 
were reversed at the centers of two doughnuts. For both of them, the single fringe split 
into two at the fork dislocation, evidently confirming that the radiation from our OAM laser 
was an optical vortex of topological charge 𝑙𝑙 = −1. 
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The polarization properties of the demonstrated OAM microlaser can be designed 
on demand as discussed in Chapter 2.4. In particular, radially polarized beams, 
characterized by a nonuniform spatial distribution of their polarization vector, have enabled 
unique functionalities, such as high–spatial resolution microscopy by their sharp focusing 
[19]. Although the conventional schemes require external optical components, such as 
geometric phase–based diffraction elements [3], radially polarized beams can be directly 
produced from our OAM microlaser. In a microring cavity, the resonant mode can be 
designed to be either quasi–transverse magnetic (TM) or quasi–transverse electric (TE). 
The radially polarized component of the quasi-TM mode is tightly confined at the microring 
perimeter and sensitive to sidewall modulations, facilitating the outcoupling of this mode 
from the laser (Fig. 2-5). Therefore, in our microring cavity, the dominant oscillating mode 
is designed to be a quasi-TM mode, and its scattering by the sidewall modulation results 
in the radially polarized OAM lasing. In experiments, the polarization state of the OAM 
lasing was validated. After transmission through a linear polarizer, the doughnut profile 
splits into two lobes aligned along the orientation of the polarizer (Fig. 2-11). The two lobes 
remained parallel to the polarization axis regardless of the rotation of the polarizer, 
manifesting pure radially polarized OAM lasing. Additionally, in contrast to linearly 
polarized OAM modes that are not compatible with optical fibers, fibers can support 




Fig. 2-11 Polarization state of OAM lasing. Measured intensity distributions of the OAM 
lasing radiation passing through a linear polarizer with different polarization orientations 
indicated by arrows: (A) 0°, (B) 90°, (C) 45°, and (D) –45°.The two-lobe structure rotated 







To summarize this chapter, we have demonstrated a microring OAM laser 
producing an optical vortex beam with an on demand topological charge and vector 
polarization states. This is enabled through a non-Hermitian design principle with 
combined index and gain/loss modulations at an EP, which breaks the mirror symmetry in 
the lasing generation dynamics and facilitates the unidirectional power oscillation. Finally, 
OAM vector laser beams might offer novel degrees of freedom for the next generation of 
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CHAPTER 3 STABILITY AND EFFICIENCY ENHANCEMENT OF MICROLASERS 
WITH NON-HERMITIAN ENGINEERING 
 
This chapter is adapted from the following publication: 
Z. Zhang, P. Miao, J. Sun, S. Longhi, N. M. Litchinitser, and L. Feng, (2018). Elimination 
of spatial hole burning in microlasers for stability and efficiency enhancement. ACS 
Photonics, 5(8), 3016-3022 (2018). 
The author of this dissertation was the primary researcher and the author of the work. 
 
3.1 Introduction  
 
Confined in a microcavity, light interacts with optical gain materials and, under 
continuous-wave pumping and feedback, powerful stimulated emission can overcome 
cavity losses leading to laser oscillation [1,2]. However, it is well known that the laser 
output is usually subjected to irregular fluctuations because of mode competition for limited 
gain [3,4] or because of fundamental laser instabilities, like the Lorenz-Haken instability 
[5]. In most laser systems, stable lasing operation is fundamentally impeded by 
inhomogeneous gain distribution both spectrally and spatially, namely, spectral hole 
burning [6] and spatial hole burning [7,8]. While the spectral hole burning arises from the 
intrinsic property of certain optical gain materials, the spatial hole burning (SHB) stems 
from non-uniformly distributed light field inside the gain material of a laser cavity. In a 
Fabry-Perot laser cavity, spatial hole burning originates from a standing wave pattern 
formed due to the interference of counter-propagating waves that are reflected at the end 
cavity mirrors. In a ring cavity, due to the chiral symmetry, the clockwise and 
counterclockwise traveling waves can simultaneously or alternately oscillate, with a laser 
emission which can change as the pump parameter is varied [9-11]. The non-uniform gain 
distribution arising from SHB feeds power to multiple modes, causes mode competition 
and leads to irregular lasing emission behavior [8]. SHB with uniform pumping can also 
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prevent lasing in the largest efficiency mode [12]. In conventional Fabry-Perot laser 
devices, SHB can be suppressed by proper cavity design aimed to effectively flatten the 
field distribution along the laser cavity [13-16]. In a ring resonator, elimination of SHB 
requires an optical isolator in its optical path that breaks time reversal symmetry 
(reciprocity) and facilitates the unidirectional power flow in the cavity. Such unidirectional 
power flow intrinsically eliminates the interference pattern and, thus, the resulting SHB as 
well as mode competition, inefficiency, and instability of laser output [7,8]. However, such 
a scheme is not available when lasers are shrunk down to the microscale due to the 
missing micro/nano-scale optical isolator nowadays. To overcome this technological 
challenge and support unidirectional power flow without introducing an optical isolator, a 
few other schemes have been proposed and demonstrated. Recently, an intracavity bend 
has been designed to enable the unidirectional laser operation in an integrated ring cavity 
sized at hundreds of micrometers without optical isolators [17]. However, a similar 
configuration may experience significant scattering losses and thus lose its efficiency and 
robustness if shrunk further down to the microscale. Instead, we and other groups 
proposed breaking the chiral symmetry of the cavity by harnessing optical losses to 
inscribe a complex optical modulation tailored to operate at a so-called exceptional point 
(EP) [18-21]. 
While the unidirectional power flow enabled unidirectional emission and orbital 
angular momentum lasing have been observed at a macroscopic scale, the underlying 
light-matter interaction resulting from the symmetry breaking in the microcavity is still not 
investigated. In particular, the interplay between the EP and the onset of laser instabilities, 
driven by nonlinear mode competition and SHB, remains unexplored so far. In this chapter, 
we focus on studying the unidirectionality-induced elimination of SHB on a semi-classical 
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level to reveal the intriguing light-matter interaction in the full nonlinear regime well above 
lasing threshold. We demonstrate experimentally that, due to elimination of SHB, such 
microlasers have superior single mode stability (i.e. higher side mode suppression ratio) 
and energy efficiency (i.e. higher slope efficiency) than other methods of single mode 
selection demonstrated in recent experiments and based on the concept of parity-time 
symmetry [22,23]. 
3.2 Elimination of spatial hole burning by non-Hermitian engineering at an exceptional 
point 
 
In a typical microring resonator with time-reversal symmetry, laser action is 
inherently bidirectional. Bidirectional emission close to lasing threshold results in SHB, 
which favors complex multiple longitudinal mode oscillation for a broad gain line [11]. In 
our microlaser resonator tailored at EP, there is not an intracavity optical diode, however 
the combined index and loss gratings play a similar role of a diode (yet being reciprocal 
elements): at the EP operation the gratings introduce unidirectional mode coupling 
between counter-propagating modes, which favors laser emission from initial noise in one 
of the two modes.  From basic laser theory based on rate equations analysis [7], it is then 
known that oscillation in one travelling wave mode prevents spatial hole burning and 
stochastic mode switching [9,10]. One can also provide a different picture of unidirectional 
laser emission based on combined index and loss gratings: EP represents the condition 
when different eigen-branches in a complex spectrum coalesce and lead to a complete 
eigenstate degeneracy in both energy and field distribution [24-30]. This means that, at an 
EP, two originally orthogonal clockwise and counterclockwise travelling wave modes 
37 
 
collapse into only one travelling wave mode, realizing the desired unidirectional power 
flow inside a micro cavity. 
 
Fig. 3-1 Schematic of the EP-tailored microlaser on an III–V semiconductor platform of 
500 nm InGaAsP multiple quantum wells on an InP substrate. The diameter and the width 
of the microring resonator are 9 and 1.2 μm, respectively. The height of the microring is 
1.5 μm in total including an extension of 1 μm into InP. The EP modulation for 
unidirectional mode oscillation in the microring cavity is introduced by periodic Ge (real 
index modulation) and Ge/Cr (imaginary index modulation) gratings placed on top of the 
ring in the azimuthal direction, corresponding to complex index modulations of n′ = n″ = 
0.01. Here, the designed azimuthal order is m = 56 to achieve the resonant wavelength 




The judicious combination of loss and refractive index gratings in order to implement an 
EP for our microlaser is introduced (Fig. 3-1) in the microring along the azimuthal direction 
(𝜃𝜃) as follows [18,19]:  
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,       
(3 − 1) 
where 𝑛𝑛′  and 𝑛𝑛′′  represent the modulation amplitudes for refractive index and loss 
gratings, respectively, N denotes the azimuthal order of the targeted whispering gallery 
mode (WGM) in the microring cavity, and p take the integer number from 0 to 𝑁𝑁 − 1. The 
EP is realized when the non-Hermitian modulation amplitudes are set equal for loss and 
index gratings (i.e.  𝑛𝑛′ = 𝑛𝑛′′ = 0.01 ) [31-35]. As a result, unidirectional distribution 
feedback for a targeted clockwise or counterclockwise mode can be achieved. 
 
The spatial distribution of the saturated carrier density 𝑁𝑁(𝑒𝑒, 𝑦𝑦) in the amplifying medium 
(i.e. the layer of the InGaAsP multiple quantum wells) and the intensity distribution 𝐼𝐼𝑚𝑚(𝑒𝑒,𝑦𝑦) 
of the various competing WGM was modeled on a microscopic level to reveal the light-
matter interaction on the semi-classical level using the following space-dependent rate 









(3 − 2) 
𝜎𝜎𝑚𝑚�𝑁𝑁(x,y)𝐼𝐼𝑚𝑚(x,y)𝑑𝑑xdy = 𝛾𝛾𝑚𝑚𝐼𝐼𝑚𝑚 (3 − 3) 
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where 𝜎𝜎𝑚𝑚 is the cross modal area, 𝑃𝑃(x,y) is the pump rate,  𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 is the carrier life time, 𝜔𝜔𝑚𝑚 
is the frequency of the m-th WGM,  D is the diffusion constant and 𝛾𝛾𝑚𝑚 is the round trip loss 
for the m-th WGM. In our work, we assumed only the oscillating mode of order m in the 
calculation, where 𝐼𝐼𝑚𝑚(𝑒𝑒,𝑦𝑦) was obtained using the full wave numerical simulations. The 
unidirectional oscillation in the EP-tailored microlaser resonator (Figure 3-2A) favors 
spatially-uniform saturation of the gain, i.e. the inverted carrier population across the gain 
medium is uniform (this is true for a high-Q cavity with distributed gain and loss). Such a 
homogenized gain saturation facilitates high energy efficiency, i.e. it maximizes so-called 
longitudinal efficiency of the laser, and stabilizes the unidirectional laser action. In contrast, 
in the control resonator supporting bidirectional travelling wave modes (Figure 3-2B), the 
strong light intensity associated with the antinodes locally depletes the inverted carrier 
population, leading to preferential gain saturation at the antinodes. However, at the nodes, 
because of the low light intensity, the inverted carrier population remained unsaturated, 
which could further amplify other longitudinal WGMs that spatially overlap with such 




Fig. 3-2 Elimination of spatial hole burning by unidirectional mode oscillation. (A) In the 
EP modulated EP-tailored microlaser, only the counterclockwise mode oscillates. The 
mode intensity is uniform along the microring azimuthal direction (upper panel), thereby 
leading to uniform gain saturation as revealed by the uniform carrier distribution [ΔN(r)] in 
the microring (lower panel). (B) Spatial intensity pattern produced by interference between 
two counter-propagating clockwise and counterclockwise waves having the same 
oscillating frequency and amplitude in a bidirectional microring laser (upper panel) and the 
resulting gain saturation grating pattern (lower panel) of the population inversion ΔN(r), 
corresponding to spatial hole burning. ΔN0 denotes the population inversion at the initial 
stage.  
3.3 Theoretical analysis of nonlinear mode competition with non-Hermitian engineering 
at an exceptional point  
 
Owing to spurious backscattering in the cavity, clockwise and counterclockwise 
traveling wave modes can oscillate simultaneously in a stationary, alternating (oscillatory) 
or bistable manner (Figure 3-3A), as observed in a series of experiments [9,10] as well as 
our control sample (see Chapter 3.4). At higher pumping, unidirectional emission is 
possible due to nonlinear mode coupling (Figure 3-3A), however stochastic switching 
between the two travelling wave modes induced by noise or perturbations in the system 
is observed, limiting the device robustness and energy efficiency.  
The EP operation lasers have been implemented recently using two Rayleigh 
scatters [20,21], which, however, only focuses on the linearized operation close to laser 
threshold, disregarding the impact of nonlinear dynamics and the onset of instabilities that 
are well suppressed due to the large unidirectional coupling mediated by the distributed 
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complex feedback in Chapter 2 [18]. Here, we investigate our EP-tailored microlaser 
further with a detailed analysis of laser dynamics in the full nonlinear regime and provide 
evidence of ultrastable single-mode operation and laser slope efficiency enhancement 
due to suppression of SHB. The rate equations can be written for the two 
counterpropagating travelling wave modes in the microring laser that account for the 
asymmetric mode coupling introduced by the combined index and loss gratings [9,10,37]: 
𝑑𝑑𝐸𝐸±
𝑑𝑑𝑑𝑑
= 𝑞𝑞(1 + 𝑖𝑖𝑖𝑖) �𝑁𝑁 �1 − 𝑠𝑠�𝐸𝐸±�
2 − 𝑐𝑐|𝐸𝐸∓|2� − 1� 𝐸𝐸± − 𝑖𝑖𝜅𝜅±𝐸𝐸∓ (3 − 4)  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝛾𝛾[𝜇𝜇 − 𝑁𝑁 − 𝑁𝑁(1 − 𝑠𝑠|𝐸𝐸+|2 − 𝑐𝑐|𝐸𝐸−|2)|𝐸𝐸+|2 − 𝑁𝑁(1 − 𝑐𝑐|𝐸𝐸+|2 − 𝑠𝑠|𝐸𝐸−|2)|𝐸𝐸−|2]  (3 − 5) 
where 𝐸𝐸+(𝜕𝜕) and 𝐸𝐸−(𝜕𝜕)  are the slowly varying normalized amplitude of clockwise and 
counterclockwise waves, N(t) is the dc component of carrier density,  q is the field decay 
rate, 𝛾𝛾 is the decay rate of the carrier population, α is the linewidth enhancement factor 
and 𝜇𝜇  is the normalized pumping strength (𝜇𝜇 ≈ 0  at transparency, 𝜇𝜇 ≈1 at the lasing 
threshold). 𝜅𝜅± are the linear coupling constants of the two gratings which are controlled by 
the strength of index and loss gratings, with 𝜅𝜅+ = 0  for balanced and π/4-shifetd gratings 
(EP operation). Finally c and s are nonlinear mode coupling parameters describing self- 
and cross- saturation effects, which account for spatial and spectral hole burning in the 
semiconductor medium, with c=2s for a typical semiconductor laser [9]. Equation (3-4) 
describes electric field variations arising from linear cavity losses and gain, nonlinear self 
and cross saturation effects, linear coupling between the two counter propagating modes, 
and amplitude-phase coupling mechanism in the semiconductor (via the linewidth 
enhancement factor).  Equation (3-5) describes the carrier density variation due to 
pumping applied while two modes are depleting the carrier density together with both self 
and cross saturation effects considered. In writing the above equations, we assumed that 
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a single longitudinal mode of the ring is excited. This is a reasonable assumption provided 
that a single traveling-wave mode is excited; otherwise because of SHB other longitudinal 
modes of the ring might reach threshold at higher pump levels, and multimode rate 
equations should be considered to describe complex laser dynamics. 
 
Fig. 3-3 Competing dynamics of counter-propagating clockwise and counterclockwise 
traveling wave modes E± in a semiconductor microring laser. The figure shows the 
numerically computed bifurcation diagrams of a microring laser with asymmetric linear 
mode couplings κ+ and κ– induced by combined index and loss gratings. The curves 
depict the extreme of intensity for counterclockwise (ccw, upper panels) and clockwise 
(cw, lower panels) traveling wave modes vs normalized pumping strength μ. Parameter 
values used in the simulations are q = 600 ns–1, γ = 0.5 ns–1, α = 3, and c = 2s = 0.01. (A) 
Conventional ring (no gratings). Small mode coupling arising from spurious backscattering 
is assumed (κ+ = κ– = 0.6–0.04i ns–1). Bidirectional laser emission is observed near 
threshold, followed by alternating traveling wave mode oscillation (dashed area) and 
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bistable unidirectional emission. (B) Gratings tailored exactly at the EP (κ– = 5 ns–1, κ+/κ–
 = 0). Here mode coupling is stronger and dominated by grating scattering. Robust 
unidirectional emission is observed at any pumping level μ. (C) Effects of small deviations 
from the EP operation. The figure shows the bifurcation diagram for imperfect gratings (κ–
 = 5 ns–1, κ+/κ– = 1/10). Near the first laser threshold μ = 1, a Hopf (oscillatory) unstable 
regime is observed (shaded area in the figure), however above the “second” laser 
threshold μ = μ2≈ 1.08 stable and (almost) unidirectional continuous-wave emission in the 
counterclockwise mode is restored. The “second” laser threshold μ2 increases with κ+/κ–, 
as shown in the inset of c. In (B) and (C), bistable unidirectional emission in either 
clockwise or counterclockwise modes, leading to stochastic mode switching, can be 
observed but at extremely high pumping levels. 
In the absence of index and loss gratings, we assume small and equal value of 
𝜅𝜅+ and 𝜅𝜅−, which accounts for spurious backscattering in the ring. The typical dynamical 
scenario in this case is depicted in Fig. 3-3A [9,10]: bidirectional emission near the 
threshold, alternative travelling wave mode oscillation in time at intermediate current level, 
and bistable unidirectional emission at higher current levels. In the bidirectional oscillation 
region, a standing-wave pattern is formed, leading to the spatial hole burning in the carrier 
distribution. For a broad gain line spatial hole burning leads to oscillation of many 
longitudinal modes that are nonlinearly coupled in a complicated manner [16]. Obviously, 
such a complex multimode regime cannot be captured by the previous simplified two-
mode rate equations model.  
Note that any purely real index-modulated grating still preserves the Hermicity of 
the passive ring system which results in symmetric coupling between clockwise and 
counterclockwise modes and does not break the chiral symmetry. As a result, it is not able 
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to force unidirectional emission, but the addition of optical losses via a 𝑙𝑙 2⁄ -phase-shifted 
loss grating results in asymmetric couplings 𝜅𝜅± between the two travelling wave modes, 
favoring the oscillation of the mode with the largest cross coupling [18-21,36]. Maximal 
chirality is obtained at exact EP operation, i.e. when the two gratings have the same 
strength so that one of the two coupling constants (either 𝜅𝜅+ or 𝜅𝜅−) vanishes. In this case 
(𝜅𝜅+ = 0 but 𝜅𝜅− ≠ 0), a detailed analysis of the laser rate equations shows that they admit 
of two stationary states: asymmetric bistable emission, i.e. 𝐸𝐸±  ≠ 0 and 𝐸𝐸+  ≠ 𝐸𝐸− , and 
unidirectional laser emission, i.e. 𝐸𝐸+ = 0, 𝐸𝐸−  ≠ 0. By a linear stability analysis, it can be 
shown that the latter solution is stable for any level of injection current (Fig. 3-3B), while 
the former solution is always unstable.  
Arising from unbalanced loss and index grating strengths, some slight deviations 
from EP operation will be introduced, i.e. for a small (but non-vanishing) value of the ratio 
𝜅𝜅+/𝜅𝜅− , the nearly unidirectional steady-state solution to the laser rate equations, 
corresponding to |𝐸𝐸+/𝐸𝐸−| ≪ 1 , turns out to be destabilized via a Hopf (oscillatory) 
bifurcation close to the ‘first’ laser threshold 𝜇𝜇 = 1, with a Hopf frequency that can be 
calculated analytically and it is given by 𝜔𝜔𝐻𝐻𝐻𝐻𝑙𝑙𝑒𝑒 = 2�𝜅𝜅+𝜅𝜅−. However, a detailed analysis of 
the rate equations shows the existence of a ‘second’ laser threshold 𝜇𝜇 = 𝜇𝜇2 > 1, close to 
the first one, above which the stationary and nearly unidirectional solution is stable (Fig.3-
3C). The ‘second’ laser threshold 𝜇𝜇2 turns out to be an increasing function of 𝜅𝜅+/𝜅𝜅− (see 
inset of Fig. 3-3C). For low-to-moderate values of 𝜅𝜅+/𝜅𝜅− , however, it remains close to the 
‘first’ laser threshold 𝜇𝜇 = 1. Therefore, the near the EP operation the combined index and 
loss gratings provides a powerful means to force stable unidirectional oscillation in the 
microring. Such an important theoretical prediction, not disclosed in previous studies [18-
21], indicates the robustness of the unidirectional laser oscillation against fabrication 
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imperfections. Thus, stable unidirectional laser oscillation can be enforced even in the 
nonlinear regime under high pumping power and for slight deviations from exact EP 
operation. Such a stable unidirectional regime completely eliminates SHB, thus enhancing 
single longitudinal mode emission and harnessing laser efficiency as discussed. 
 
3.4 Experimental demonstration 
 
To experimentally investigate the lasing action, the EP-tailored microlaser 
resonator was fabricated by realizing the EP modulation in a microring on an III-V 
semiconductor platform using 500 nm InGaAsP multiple quantum wells on the InP 
substrate. To realize the combined loss and index gratings, guided-mode modulation was 
designed through the 𝑙𝑙 2⁄ -phase-shifted arrays of deposited Cr/Ge and Ge structures on 
top of the microring, respectively (Fig. 3-1). The effective indices of the guided mode in 
the microring were consistent with the loss and index modulations required by Eq. (3-1). 
To directly characterize the unidirectional lasing, we designed a bus waveguide with two 
grating couplers next to the microlaser to couple the emission out from the microlaser.  
For stability and efficiency comparison, two additional kinds of control samples are 
designed: (i) InGaAsP/InP microring lasers on the InP substrate with the same size as the 
EP-tailored microlaser but without any modulations, which supports bidirectional travelling 
wave modes and (ii) InGaAsP/InP microring lasers on the InP substrate with the same 
size as the EP-tailored microlaser but with π-phase-shifted index/loss modulated 
microring, corresponding to a single-mode laser enabled by parity-time breaking [23]. 
 




All samples were fabricated using overlay electron beam lithography, followed by 
electron beam evaporation and lift-off of Cr/Ge and Ge modulations on-top as well as dry 
etching to form the InGaAsP/InP microring cavity (Fig. 3-4). 
(Detailed procedures can be found in Chapter 2.5.) 
 
Fig. 3-4 Scanning electron microscope (SEM) images of fabricated samples. (A) SEM 
image of the fabricated EP-tailored microlaser resonator, in which a very thin layer of 
electron beam resist still remains after etching. (B) Zoom-in image showing the detail of 
the microlaser, where the resist has been removed using wet chemistry for better 
visualizations. (C) SEM picture of the EP modulated microring coupled with a bus 
waveguide with two identical grating couplers on both sides. (D) Zoom-in image showing 
the details of the π-phase-shifted index/loss modulated control sample just after metal lift-
off. 
 
3.4.2 Optical characterizations  
The EP-tailored microlaser and the control resonator were characterized under 
different levels of optical pumping by a nanosecond pulsed laser with 50 kHz repetition 
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rate and 8 ns pulse duration at the wavelength of 1064 nm. As a result, the averaged 
pump power density will be 1/2500 of the peak pump power density. The pump power was 
controlled with a variable neutral density (ND) filter, monitored by a powermeter. The pump 
beam was selectively reflected by a long-pass dichroic mirror (1180 nm cutoff wavelength) 
and focused onto the microring cavity using a Mitutoyo 20X near infrared (NIR) long-
working distance objective (NA= 0.4). The lasing emission was collected by the same 
microscope objective and then guided into the monochromator for the spectral analysis in 
the range from 1400 to 1600 nm (Fig. 3-5). 
 
Fig. 3-5 Optical characterization setup for analyzation of spectra and emission patterns. 
 
Here, the unidirectional laser oscillation in the EP-tailored microlaser was 
experimentally confirmed by placing a bus waveguide next to the microlaser and 
comparing the outputs from the two ends of the waveguide (Fig. 3-4C & Fig. 3-6). Laser 
emission was evanescently coupled to the bus waveguide and then adiabatically 
transferred to the gratings that efficiently out-couple light to the free space. The scattered 
light from the gratings was then captured by the same microscope objective used for 
pumping in the measurement setup and imaged onto the charge-coupled device (CCD) 
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camera for direct visualization of the directionality of the lasing oscillation. The gratings 
were fabricated about 40 µm away from the microlaser to avoid the stray light scattering.      
Due to the fabrication limitation in the etching process, the gap between the bus 
waveguide and the microring was approximately 500 nm, which caused a low coupling 
efficiency from the microring to the waveguide. Nevertheless, the relatively low coupling 
efficiency also introduced less perturbation to the mode in the microlaser and thus ensured 
the characteristics of the mode to remain unchanged. As a result, the unidirectional feature 
still remained the same and could be well characterized.  In Fig. 3-6, the strong light 
scattering could only be observed from the left grating, confirming that the microlaser 
supported the counterclockwise mode. On the other hand, at the right grating, the intensity 
of light was at the same level as that of the background noise confirming that the clockwise 
mode was largely suppressed in the microlaser. The observed unidirectional emission at 
a pumping power twice the laser threshold clearly indicates the robustness of the 
unidirectional laser oscillation in the EP-tailored microlaser. Hence, these results 
experimentally confirmed the unidirectional lasing oscillation, consistent with the 
numerical result shown in Fig. 3-2.  
 
Fig. 3-6 Demonstration of unidirectional lasing oscillation. Optical image of lasing 
scattering from the gratings and direct radiation from the microlaser. The white boxes 




Fig 3-7 Comparison of laser actions between the EP-tailored microlaser and the control 
sample of a π-phase-shifted index/loss modulated microring. (A) and (B) show evolutions 
of the light emission spectra of the EP-tailored microlaser and the control sample, from 
photoluminescence to lasing threshold and further to high-power laser action under strong 
pumping, as the peak power density of pump light was increased, respectively. (A) shows 
a robust single-mode operation even under very high pumping power, whereas an 
additional mode is emerging in the control sample as shown in the inset of (B) (side mode 
suppression ratio of about 20 dB). This is because undepleted carriers due to spatial hole 
burning provide additional gain to support the adjacent mode next to the dominant one. 
(C), The input-output power curves for both EP-tailored microlaser and the control sample. 
In experiments, the laser thresholds for the EP-tailored microlaser and the control sample 
are 103 and 182 kW/cm2, respectively. An enhanced slope efficiency is observed for the 
EP-tailored microlaser due to the maximum usage of optical gain in the entire azimuthal 
of the microlaser. The measured slopes above thresholds are 110.8 counts per kW/cm2 
for the EP-tailored microlaser and 57.7 counts per kW/cm2 for the control sample, 
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respectively. (D), The single mode suppression ratio for both EP-tailored microlaser and 
the control sample. Superior single mode operation was observed for the EP-tailored 
microlaser with a suppression ratio over 30dB. 
Fig. 3-7A depicts the spectral evolution of the EP-tailored microlaser as a function 
of pumping power, clearly showing the persistence of single longitudinal mode oscillation 
well above threshold. For comparison, a control study was performed using the same 
sized InGaAsP/InP microring cavity with no index/loss modulation. As predicted in Fig. 3-
3A, in this case, we observed laser emission with marked multimode oscillation above 
threshold due to SHB (Fig. 3-8).  
 
Fig. 3-8 Light emission spectra of the microring laser without any on-top grating for 
increasing optical pumping. (A), Photoluminescence emission; (B), Lasing at threshold, 
and (C), Multimode lasing under high pumping. The peak power density of pump light is 
75 kW/cm2 in (A), 93 kW/cm2 in (B), and 455 kW/cm2 in (C). 
Another control sample made of a π-phase-shifted index/loss modulated microring 
was also measured (Fig. 3-7B). This sample has a design similar to the microring laser 
operated at EP, apart from the different spatial shifts of the two index/loss gratings (and 
as a result, lacking the unidirectional operation). It enables a fair comparative analysis for 
the laser slope efficiency under similar out-coupling condition, where on-top Ge and Cr/Ge 
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layers also act as scatters to facilitate more efficient light extraction for collection (see Fig. 
3-9). Compared with the same sized microring control sample without any modulation, in 
the control sample with π-phase-shifted index/loss modulation the single-mode laser 
action (despite spatial hole burning) at moderate pump levels is facilitated by suppressing 
other longitudinal modes [23] with additional loss.  
 
Fig. 3-9 Scattering efficiency evaluation with different on-top scatters. (A) Light-light curve 
measured with a sample with both Ge and Ge/Cr modulations. The sample is not 
engineered at an EP. (B) Light-light curve measured with the same sample in (B) but with 
Ge removed. The out coupling efficiency is reduced. 
Fig. 3-7C shows that above the lasing threshold, an enhancement of the slope 
efficiency in the case of EP-tailored microlaser was clearly observed with a factor of 
approximately 2. This is due to the improved longitudinal utilization factor [39,40] enabled 
by eliminating the SHB effect and gathering gain from the entire azimuthal dimension into 
the lasing line. It is important to note that the single-mode operation in the EP-tailored 
microlaser is more robust than the control sample because of complete suppression of 
SHB, especially at very high pumping levels. In the EP-tailored microlaser, optical gain in 
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the entire azimuthal dimension is completely depleted by the dominant mode, whereas in 
the control sample carriers in undepleted regions due to SHB can still provide additional 
gain to adjacent modes: while weak, the emerging side mode can be observed as shown 
in the inset of Fig. 3-7B. More clearly, in Fig. 3-7D, the single mode suppression ratio of 
our EP laser exceeds 30 dB and still increases at high pumping power. In contrast, the 
control sample only achieves a maximum of 20 dB and reduces at high pumping power.  
In other words, without eliminating SHB, unsaturated gain decreases the lasing efficiency 
and makes suppression of lateral longitudinal modes less effective at high pump levels. 
Our results demonstrate the supremacy of microlaser emission based on EP over other 
methods inspired by parity-time symmetry concepts [22,23]. 
 3.5 Summary 
 
To summarize this chapter, we showed that losses may serve laser action in a 
positive way. By a suitable non-Hermitian engineering of optical losses in a cavity, we 
demonstrated stable and highly efficient microlaser with unidirectional laser oscillation 
favored by EP operation. Such a special operational condition results in uniform light 
distribution in the azimuthal direction in the microcavity fundamentally solving the problem 
of undesired SHB and providing a powerful means to realize high-efficiency and stable 
laser emission at the micro/nano scale. EP-based microlasers show supremacy in terms 
of side-mode suppression and slope efficiency over other recently-proposed methods of 
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CHAPTER 4 TUNABLE TOPOLOGICAL CHARGE VORTEX MICROLASER  
 
This chapter is adapted from the following publication: 
Z. Zhang, X. Qiao, B. Midya, K. Liu, J. Sun, T. Wu, W. Liu, R. Agarwal, J. M. Jornet, S. 
Longhi, N. M. Litchinitser and L. Feng, Tunable topological charge vortex 
microlaser. Science, 368(6492), 760-763 (2020). 





Dynamically tunable vortex light sources have become essential to bring into 
reality the emerging photonic technologies based on the OAM degree of freedom. 
Traditional optical components and most metasurfaces lack reconfigurability and require 
an external input beam originating from a separate light source as discussed in previous 
chapters. In contrast, chip-scale microlasers offer a more compact and robust solution to 
obtain highly pure coherent vortex modes and have been recently investigated extensively 
[1-3]. However, the demonstrated miniaturized vortex lasers at telecommunication 
wavelengths so far lack reconfigurability, limited by their output of a pre-defined polarized 
OAM state per wavelength [1,2]. Nevertheless, the ongoing effort of OAM-SAM-
wavelength [4-7] division multiplexing for multi-dimensional high capacity information 
processing requires flexible generation and versatile manipulation of different OAM and 
SAM states at the same wavelength, which is not yet accessible by state-of-the-art 
microscale devices.   
In this chapter, we use the transverse spin and OAM interaction to precisely 
maneuver the chiral light states in microring lasers. Additionally, total angular momentum 
conservation allows further tuning of the topological charge. The ability to simultaneously 
and cohesively manipulate both the SAM and OAM degrees of freedom can couple the 
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local spin with orbital oscillation of optical cavity modes, thereby leveraging richer 
functionalities in vortex light generation [8,9]. Spin-orbit coupling can enable effective 
control of the OAM handedness arising from the chiral symmetry of ±|l| wavefunctions, 
featuring the ability to flexibly generate mutli-vortex emissions of variable |l| OAMs in the 
full angular momentum space. Although it is straightforward to switch the chirality 
depending on the direction of input light in a passive microring resonator [10], a 
sophisticated active, robust strategy is required to selectively break the chiral symmetry 
intrinsically associated with a microring laser, yielding flexible control of spin-orbit 
interaction. Optical control of spin-orbit interaction and its induced chiral light emission 
have been demonstrated through spin polarized gain generation in a semiconductor 
polaritonic system [3], however in such a device a cryogenic environment is required, 
which is not suitable for practical integration in current information systems.  
To create a robust yet reconfigurable spin-orbit coupling in an ambient temperature 
environment, we demonstrate a microlaser system in which spin-orbit interaction is 
controlled by an externally applied non-Hermitian coupling between the cavity modes 
(Fig.4-1). Strategic non-Hermitian symmetry breaking facilitates the lifting of degeneracy 
between two spin-orbit coupled states, of which the spin is locked to the orbit direction, in 
a controllable manner and favors the lasing of an OAM state of desirable chirality. The 
spin-orbit interaction, together with the conservation of the total angular momentum, is 
further exploited to alter the emitted OAM state by converting the SAM into OAM, 
introducing additional tunability with variable topological charges at the same wavelength. 
This scheme can be further scaled up to simultaneously generate multiple laser vortices 








Fig. 4-1 Schematic of non-Hermitian controlled vortex microlaser. The non-Hermitian 
interaction mediated by the externally applied control pump on the bus waveguide can 
flexibly be switched for the emission of OAM states with desirable chirality from the spin-
orbit engineered microring. 
 
We consider a microring resonator supporting the two degenerate clockwise (↻) 
and counter clockwise (↺) whispering gallery modes (WGMs) on a III-V semiconductor 
platform with a 200 nm thick InGaAsP multiple quantum well layer, coupled with an 
additional bus waveguide of InGaAsP with two control arms which enables the indirect 
coupling between the two modes (Fig. 4-1). By finely tuning the aspect ratio of the cross 
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section geometry of the waveguide, the transverse spin in the evanescent tail of guided 
light, of which the electric field rotates around the axis perpendicular to the propagation 
direction of light (Fig.4-2), is engineered to be 1. The design of unitary transverse spin is 
achieved by inspecting the value of �𝑬𝑬�𝑳𝑳�|𝑬𝑬| , where 𝑬𝑬 denotes the electric field vector and 𝑳𝑳 
denotes the unit vector of left-hand circular polarization [8,9]. From full wave numerical 
simulations, we optimized the microring geometric parameter to be 200 nm in height and 
650 nm in width, respectively. It is evidently demonstrated that  �𝑬𝑬�𝑳𝑳�|𝑬𝑬|  is 0 at the inner 
sidewall and 1 at the outer sidewall in Fig. 4-2A, achieved with equal amplitudes of the 
radial and azimuthal components of the electric field. Therefore, the light scattered at the 
inner sidewall carries the same spin angular momentum and locked with the 
corresponding orbital angular momentum of the confined light as shown in Fig. 4-2B. Note 
that the absolute value of transverse spin generated in this scheme cannot exceed 1. 
Hence, this spin-orbit interaction consequently couples the right/left-hand circular 
polarization (↓/↑) with the ↻/↺ mode, leading to the desired spin-orbit locking for the light 
circulating in the microring.  
 
 
Fig. 4-2 Design of transverse spin in the evanescent field. (A) Numerically calculated 
transverse spin distribution ⟨𝑬𝑬|𝑳𝑳⟩/|𝑬𝑬|  across the cross-section of the resonator. (B) 
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Simulated electric field intensity distribution. The resulting local spin is locked with the 
orbital motion of the cavity mode. Bold black arrow denotes the powerflow direction and 
arrowed circles denote the local spin directions. 
 
The degeneracy between these two counter-circulating states is broken by 
introducing non-Hermitian mode coupling via the bus waveguide. By optically pumping 
one of the waveguide arms to create gain (generated through pumping) and loss (intrinsic 
material loss without pumping) contrast, an effective asymmetric coupling between the 
counter-propagating WGMs in the microring is obtained. The Hamiltonian of the non-




� (4 − 1) 
                                                
where 𝜔𝜔↻/↺ is the eigen frequency of the two degenerate modes,  𝜅𝜅 denotes the coupling 
between the cavity modes without any gain/loss in the bus waveguide and is designed to 
be 28 GHz through numerical simulations, −𝛾𝛾 describes the single pass attenuation due 
to the intrinsic material loss, and +𝛾𝛾𝑅𝑅(+𝛾𝛾𝐿𝐿) represents the single pass amplification from 
the optical pumping applied to the right (left) control arm, respectively. Interestingly, the 
Hamiltonian 𝐻𝐻e𝐟𝐟𝐟𝐟 can be transformed into a parity-time symmetric form by changing the 
basis from 𝜔𝜔↻/𝜔𝜔↺  to 𝜔𝜔↻ + 𝑖𝑖𝜔𝜔↺  and 𝜔𝜔↻ − 𝑖𝑖𝜔𝜔↺  states via the transformation matrix 𝑃𝑃 =
1
√2
�1 1𝑖𝑖 −𝑖𝑖�. The resulting Hamiltonian 𝐻𝐻e𝐟𝐟𝐟𝐟,2 = 𝑃𝑃𝐻𝐻eff𝑃𝑃









𝑖𝑖(𝛽𝛽 + 𝑖𝑖) −𝜃𝜃 �
(4 − 2) 
where, 𝐼𝐼  is the identity matrix, 𝑖𝑖 = 𝜔𝜔↻ + 𝜔𝜔↺ ,  𝛽𝛽 = 𝜔𝜔↻ − 𝜔𝜔↺ = 0 ,  𝜃𝜃 = 𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒+𝛾𝛾𝐿𝐿 +






�𝜃𝜃2 + 𝛽𝛽2 − 𝑖𝑖2). When only one arm is pumped, the microlaser operates at an exceptional 
point, which is similar to the non-Hermitian engineered microlasers described in chapter 
2 and 3. 
 
Fig. 4-3 Full wave numerical simulation results of chiral cavity modes. (A) Electric field 
distribution in the microring resonator without any control pumping. Interference patterns 
can be seen clearly due to the coexistence of both ↻ and ↺ modes. (B) Electric field 
distribution with left-side control arm pumped, leading to unidirectional ↻ mode lasing. (C) 
Electric field distribution with right-side control arm pumped, leading to unidirectional ↺ 
mode lasing. 
 
In the absence of optical pumping on the control arm (𝛾𝛾𝐿𝐿 = 𝛾𝛾𝑅𝑅 = 0), the overall 
coupling strength between ↻  and ↺  modes approaches zero because of the strong 
intrinsic material loss (> 300cm−1 at the working wavelength of the microlaser) of the 
InGaAsP multiple quantum well (𝛾𝛾 ≫ 1). Consequently, the two degenerated CW and 
CCW modes coexist with equal amplitude as a standing wave (Fig. 4-3A). When the left 
(or right) control arm is selectively pumped, the intrinsic material loss on the left (or right) 
is then overcome by net optical gain around 50 cm−1, i.e., 𝛾𝛾𝐿𝐿 > 𝛾𝛾  (or 𝛾𝛾𝑅𝑅 > 𝛾𝛾 ).  On the other 
hand, the unpumped right (left) side of the waveguide remains lossy. Due to spin-orbit 
locking selective pumping results in a unidirectional coupling between the ↻ and ↺ modes, 
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breaking the chiral symmetry and facilitating an effective means to controlling the chirality 
of the mode (Fig. 4-3B and Fig. 4-3C). Under this condition, the microlaser effectively 
operates at an exceptional point [1]. Unidirectional emission is robust against instabilities 
induced by nonlinearities above the laser threshold [13], and is essential to realize our 
single-frequency microlaser with reconfigurable OAM via spin-orbit coupling. 
 
4.3 Tunable topological charge of OAM emission from vortex microlasers 
 
With reconfigurable unidirectional powerflow established, it is therefore critical to 
couple light out. The non-Hermitian controlled microlaser was designed such that the 
angular momentum carried by the WGM inside the resonator is extracted into free space 
by introducing periodic angular scatters inside the inner sidewall (Fig. 4-1). The angular 
scatters are located at 𝜃𝜃𝑞𝑞 = 2𝑙𝑙𝑞𝑞/𝑀𝑀 and carry a local phase of 𝜑𝜑local,𝑞𝑞 = 2𝑙𝑙𝐶𝐶𝑞𝑞(𝑁𝑁 −𝑀𝑀)/𝑀𝑀, 
where 𝑞𝑞 ∈ {0,𝑀𝑀 − 1}, 𝐶𝐶 = 𝑠𝑠𝑠𝑠𝑛𝑛(𝜎𝜎) (i.e. 𝐶𝐶 = ±1) for the ↺ and ↻ modes, respectively, and 
N is the order of the WGM. By accounting for the rotation of local coordinates with respect 
to the global coordinate, the extracted global phase can be expressed as 𝜑𝜑global,𝑞𝑞 =
2𝑙𝑙𝐶𝐶[𝑞𝑞(𝑁𝑁 −𝑀𝑀) − 𝑞𝑞]/𝑀𝑀. Consequently, the linearly varying phase distribution creates an 
OAM emission with a topological charge of  𝑙𝑙 =  𝐶𝐶(𝑁𝑁 −𝑀𝑀 − 1)  and a total angular 
momentum of 𝐽𝐽 =  𝐶𝐶(𝑁𝑁 −𝑀𝑀). The corresponding vortex emission, containing both SAM 
and OAM as well as their associated chirality, can be represented as | |𝑙𝑙|, 𝑠𝑠𝑠𝑠𝑛𝑛(𝑙𝑙),𝜎𝜎⟩.  
It is therefore possible for us to access 3 different OAM states with aforementioned 
design. More interestingly, the OAM tuning range can be further extended by transferring 
the non-zero SAM associated with the light beam into the OAM by the principle of total 
angular momentum conservation with preserved rotational symmetry. The light emitted 
out from the OAM microlaser carries 𝑙𝑙 = 𝐶𝐶(𝑁𝑁 −𝑀𝑀 − 1)  and 𝐶𝐶 = 𝑠𝑠𝑠𝑠𝑛𝑛(𝜎𝜎)  with a total 
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angular momentum 𝐽𝐽 = 𝐶𝐶(𝑁𝑁 −𝑀𝑀). Consequently, by transferring SAM into OAM, new 
OAM states characterized by  𝑙𝑙 = 𝐶𝐶(𝑁𝑁 −𝑀𝑀) and 𝜎𝜎 = 0 can be generated. 
 
 
Fig. 4-4 Design of radial polarizer. Cross section schematic of the metallic ring radial 
polarizer. The periodicity 𝛬𝛬 of the metallic rings in the radial direction is optimized to be 
600 nm with duty cycle of 300 nm and ℎ of 200 nm. 
 
In order to implement the spin-to-orbit conversion, we have designed a rotationally 
symmetric metallic concentric ring polarizer as shown in Fig. 4-4. The periodicity 𝛬𝛬 of the 
metallic rings in the radial direction was optimized to be 600 nm, which is less than half of 
the OAM microlaser emission wavelength. In addition, the gap size of the polarizer wire 
grating was optimized to be 300 nm, which is narrow enough to transmit only radially 
polarized light but reflect the azimuthally polarized light. Consequently, transmitted light 
carries zero SAM after passing through the radial polarizer without breaking rotational 
symmetry. The resultant beam therefore carries an OAM charge of 𝐶𝐶(𝑁𝑁 −𝑀𝑀) as 𝜎𝜎 = 0 
and 𝐽𝐽 = 𝐶𝐶(𝑁𝑁 −𝑀𝑀) .This result can be verified with the Jones matrices. The emitted light 
of the microlaser can be described as √2
2
� 1𝐶𝐶𝑖𝑖� 𝑒𝑒
𝑖𝑖𝑖𝑖(𝑑𝑑−𝑀𝑀−1), which can be decomposed into 
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𝐶𝐶𝑖𝑖 �− sin𝜑𝜑cos𝜑𝜑 � 𝑒𝑒
𝑖𝑖𝑖𝑖(𝑑𝑑−𝑀𝑀). The first (second) 
term represents the radially (azimuthally) polarized component with an OAM charge of 
𝐶𝐶(𝑁𝑁 −𝑀𝑀). When the light illuminates upon the radial polarizer, the azimuthal component 
is reflected and only the radial component passes through, leading to the change in the 
OAM charge. 
4.4 Experimental demonstration 
 
In our experiment, the microlaser cavity is designed with a diameter of 7 μm and a 
width of 0.65 μm, which supports a WGM of order 𝑁𝑁 = 34 and scatter number 𝑀𝑀 = 32 for 
a total angular momentum of |𝐽𝐽| = 2 at the wavelength around 1500 nm. The parameters 
of metallic radial polarizer are listed in 4.3. 
 
4.4.1 Sample fabrication  
 
 




The OAM microlaser was fabricated using electron-beam lithography and plasma 
etching techniques, following the fabrication flow shown in Fig. 4-5. A negative electron 
beam lithography resist hydrogen silsesquioxane (HSQ) in methyl isobutyl ketone (MIBK) 
solution was used for patterning. The concentration ratio of HSQ (FOX15) to MIBK was 
adjusted such that an adequately thick layer of resist is formed for etching after exposure 
and developing. The resist was then soft baked and patterned by electron beam exposure, 
where incident electrons made HSQ structurally amorphous. The patterned wafer was 
then immersed and slightly stirred in tetramethylammonium hydroxide (TMAH) solution 
(MFCD-26) and rinsed in deionized water for 60 seconds. The remaining HSQ served as 
a mask for the subsequent inductively coupled plasma dry etching process, with BCl3 and 
Ar. After etching, HSQ resist was removed using buffered oxide etchant (BOE). Next, a 
Si3N4 (silicon nitride) coating was deposited by means of plasma-enhanced chemical 
vapor deposition (PECVD). The wafer was then bonded to a glass slide, which functions 
as a base. Finally, the InP substrate was removed by wet etching the sample with a 
mixture of HCl and H3PO4. The fabricated sample was shown in Fig. 4-6. 
 
Fig. 4-6 Scanning electron microscope images of the tunable vortex microlaser. On an 
InGaAsP multiple quantum well platform, the microlaser consists of a main microring 
cavity coupled to an external feedback loop that enables the on-demand chiral control by 
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selective pumping and thus enforces the unidirectional coupling between the two 
circulating modes in the microring. The angular grating is patterned on the inner side wall 
of the microring to produce the vortex laser emission of variable topological charges.   
 
 
Fig. 4-7 Fabrication flow of the radial polarizer. 
 
The radial polarizer was fabricated via a standard lift-off process shown in Fig. 4-
7. ZEP-520A is used as a positive electron beam lithography resist and spin-coated onto 
a glass slide. After baking, a thin layer of anti-charging agent is spin coated onto the resist. 
The structure was then patterned by electron beam lithography, and metals (10nm Cr and 
200nm Al) were deposited afterwards by physical vapor deposition (PVD). Finally, the chip 
was soaked in acetone for lift-off. The fabricated image of the radial polarizer is shown in 
Fig. 4-8. 
 




4.4.2 Optical characterizations  
Fig. 4-9 shows the measurement setup used to obtain the laser spectral 
characteristics and to confirm the vortex nature of the emitted radiation.  
Fig. 4-9 Optical measurement setup of the OAM microlaser. 
 
The fabricated OAM laser was pumped on the front side by a nanosecond pulsed 
laser with a 50 kHz repetition rate and 8 ns pulse duration at a wavelength of 1064 nm. 
The pump power was controlled with a variable neutral density (ND) filter, monitored by a 
power meter. The pump beam was selectively reflected by a long-pass dichroic mirror 
(with 1180 nm cutoff wavelength) and focused onto the microring cavity using a Mitutoyo 
20X near infrared (NIR) long-working distance objective (NA = 0.4). Additional control 
pumping beam was projected onto the control arms through a Mitutoyo 10X NIR long-
working distance objective (NA = 0.28) from the backside (through the SiN substrate). The 
laser emission from the front side was collected by the aforementioned 20X microscope 
objective, passed through the radial polarizer on demand and guided into a 
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monochromator for spectral analysis in the 1450 to 1550 nm range. The beam was also 
passed through combinations of quarter waveplate and linear polarizers into an imaging 
system for polarization characterization. Finally, the self-interference of the beam was 
utilized to characterize OAM nature through a Michelson interferometer. To accomplish 
this, the emitted beam was split into two, and recombined with an off-center, quasi-parallel 
beam alignment to form an interference pattern recorded by a CCD camera. Because of 
the nanosecond pulsed optical pumping, the lasing duration is also in the nanosecond 
range. In order to ensure a time overlap between the split beams, the optical path of one 
arm of the interferometer was adjusted with a delay line. 
The light-light curve of the vortex microlaser was first measured to reveal the lasing 
threshold as shown in Fig. 4-10. The kink in the curve corresponds to the lasing threshold 
of the microlaser, confirming lasing action. 
 
Fig. 4-10 Light-light curve of the single vortex microlaser. 
 
The chiral symmetry of the system is observed in the absence of control pump (Fig. 
4-11A). The emission from the resonator showed right/left-handed circularly polarized 
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components of nearly balanced intensities without a net spin angular momentum (Fig. 4-
11B). This reveals the absence of net non-zero angular momentum resulting from the 
coexistence of the two degenerated ↻/↺ modes. To probe the vortex nature of laser 
radiations, the emitted beam was split into two identical beams that were subsequently 
interfered with a slight offset in the horizontal direction. The acquired interferogram shows 
no significant fringe mismatch or discontinuity, indicating no significant phase change near 
the center of the beam, which confirms a net zero OAM charge (Fig. 4-11B). In contrast, 
when the control beam was switched on while illuminating only the right control arm (Fig. 
4-11C), unidirectional laser oscillation arose in the ↺ mode. The emission of nearly perfect 
left-handed circular polarization was consequently observed, revealing the unidirectional 
power circulation of the ↺ mode inside the microring and spin-orbit locking. Due to phase 
singularity, the phase distribution changes drastically near the center of the emitted laser 
beam while maintaining relatively uniform distribution at outer regions. The corresponding 
self-interference pattern, therefore, shows a pair of inverted forks, verifying the topological 
charge of OAM laser emissions. In each fork, a single fringe splits into two, corresponding 
to an OAM charge of +1 (Fig. 4-11D). On the contrary, when the control beam was only 
applied onto the left control arm (Fig. 4-11E), a nearly perfect right-handed circularly 
polarized emission was observed instead, demonstrating the non-Hermitian-controlled 
switching of chirality via spin-orbit locking. The orientations of the forks were reversed 
compared with the previous condition, where the single fringe still splits into two but in the 





Fig. 4-11 Non-Hermitian chiral interactions and experimental characterization of the lasing 
emission. (A) In the absence of non-Hermitian interaction, both the cavity modes 
represented by | |𝑙𝑙|, 𝑠𝑠𝑠𝑠𝑛𝑛(𝑙𝑙),𝜎𝜎⟩ , with 𝑠𝑠𝑠𝑠𝑛𝑛(𝑙𝑙) = ±1  denoting the CCW (↺) and CW (↻) 
oscillations, respectively, and 𝜎𝜎=±1 denoting the left (↑) and right (↓) circularly polarized 
light, are favored for lasing action. (B) Corresponding experimentally measured output 
emissions and off-center self-interference pattern of both the states. (C, D) Lasing 
emission of left-chiral mode measured after the introduction of non-Hermitian interaction 
applied by the right-side control pump. (E, F) Lasing emission of right-chiral mode 
measured after the reversing the non-Hermitian interaction applied by the left-side control 
pump. The shaded rectangular area in the left-hand panels denotes the microring cavity, 
and the shaded elliptical areas refers as non-Hermitian control arms. The red (gray) arrow 
outside the cavity denotes the gain (loss) feedback, while the blue arrow represents 
energy outcoupled from the cavity into the environment. Because of the unidirectional gain 
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feedback, the cavity mode in red color is selectively favored for chiral lasing action, while 
the other cavity mode in blue is suppressed. 
 
Fig. 4-12 Polarization states after passing through the radial polarizer. White arrows 
represent the direction of the linear polarizer. 
 
Additional tunability of the OAM charge through the conservation of the total 
angular momentum in the spin-to-orbit conversion was demonstrated with the vortex 
microlaser using a radial polarizer that preserves the rotational symmetry of the emitted 
laser beam (Chapter 4.3). The radial polarizer allows the transmission of only radially 
polarized light and thus converts circularly polarized light into a linearly polarized beam in 
a polar coordinate (Fig. 4-12). Since the radial polarizer does not break the rotational 
symmetry, the total angular momentum, i.e., 𝐽𝐽 = 𝑙𝑙 + 𝜎𝜎, of light must remain conserved. For 
a given 𝐽𝐽, 𝑙𝑙 can therefore be controlled via the manipulation of σ. The new OAM state with 
l = ±2 were achieved after the transfer of σ=±1 SAMs into the demonstrated l = ±1 OAMs, 
respectively, when the laser beam was passed through the polarizer. The self-interference 
interferograms were captured to analyze the vortex reconfiguration of the emitted beams. 
A pair of inverted forks with 3 fringes were observed, revealing a phase winding of 4𝑙𝑙 at 
the center, which confirmed the OAM charge l = ±2 (top and bottom panels of Fig. 4-13A 
and Fig. 4-13B). Altogether, the non-Hermitian controlled vortex microlaser is capable of 
producing 5 different OAM states ranging in l = −2,−1, 0, +1, +2  in a reconfigurable 
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manner. Notably, the lasing of all these OAM states occurred at a ‘single’ wavelength at 
1492.6 nm (Fig. 4-13C), potentially providing 5 spatial channels for information modulation 
and communication (Discussions can be found in Chapter 4.6). The switching time of spin-
orbit coupling is in principle limited by the semiconductor optical response with potential 
to reach ultrafast OAM switching in the picosecond scale [14] and will be further verified 
in the next chapter in this dissertation, so that our reconfigurable OAM microlaser, besides 
of emitting at fixed wavelength, is much faster than those based on thermo-optic control 
of WGM resonances (μs to ms timescale). More importantly, our non-Hermitian spin-orbit 
mode control scheme is scalable by applying an imaginary gauge [11,12] to cascade 
sequential microrings to simultaneously generate multiple laser vortices which will be 




Fig. 4-13 Experimental characterization of different OAM states at a fixed wavelength. (A) 
Simulated phase distributions of OAMs of charges l=0, ±1, and ±2, showing the helical 
phase winds 2𝑙𝑙𝑙𝑙 around the center. The OAMs of lower three orders were achieved by 
spin-orbit locking and higher order OAMs were obtained by the spin-to-orbit coupling: (σ, 
l)=(±1, ±1) to (σ, l)=(0, ±2). In both cases the chiral symmetry was broken by controllable 
non-Hermitian mode coupling.  (B) Corresponding experimental results showing the off-
center self-interference patterns (Figures are enhanced for better visualization). While no 
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significant fringe mismatch was observed for l= 0 state, a pair of inverted forks were 
observed for non-zero OAMs. A single fringe splits into two/three indicating a phase wind 
of 2𝑙𝑙, 4𝑙𝑙 around the center singularity point confirming the OAM of |l|=1,2 respectively. 
The forks associated with opposite chirality were in opposite directions.  (C) Measured 
lasing spectra show all five OAM lasing peaks located at 1492.6 nm, implying that the 
vortex microlaser can generate single-frequency vortex beams of variable OAMs 
simultaneously. 
4.5 Highly scalable non-Hermitian-controlled multi-vortex generation based on an 
imaginary gauge 
 
In this section, we show that the strategy of non-Hermitian controlled single chiral 
vortex lasing can be generalized for multiple vortex generation in a scalable way by 
harnessing the idea of imaginary gauge fields. For demonstration, we have designed and 
experimentally characterized integrated microring laser system capable of emitting two 
vortices of desirable chirality. We consider the two-microring system with two control 
waveguides between them shown in Fig. 4-14. This coupled system in the linear regime 





𝜔𝜔↻𝐿𝐿 0 𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒+𝛾𝛾𝐵𝐵 0
0 𝜔𝜔↺𝐿𝐿 0 𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒+𝛾𝛾𝑇𝑇
𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒+𝛾𝛾𝑇𝑇 0 𝜔𝜔↻𝑅𝑅 0
0 𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒+𝛾𝛾𝐵𝐵 0 𝜔𝜔↺𝑅𝑅 ⎠
⎟
⎞
(4 − 3) 
where 𝜔𝜔↻/↺
𝐿𝐿/𝑅𝑅  denotes the ↻/↺ resonance of WGM mode in left/right ring respectively, 𝜅𝜅 
denotes the coupling of modes between two different rings without any gain or loss control, 
−𝛾𝛾 is the single-pass attenuation from the intrinsic material loss, and +𝛾𝛾𝑇𝑇/+𝛾𝛾𝐵𝐵 are the 
optical amplification from the top/bottom waveguides, respectively. An unbalanced 
amplification in the upper and bottom arms provides asymmetric coupling between either 
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clock-wise or counter-clock-wise modes in the two rings, corresponding to an effective 
imaginary gauge field   ℎ = 𝛾𝛾𝐵𝐵−𝛾𝛾𝑇𝑇
2
. The dual ring system is designed with the same 
ring/waveguide geometrical parameters as the single ring system. 
Without external pumping, i.e. for 𝛾𝛾𝑇𝑇=𝛾𝛾𝐵𝐵=0, the coupling strength of the modes 
between different rings is again negligible due to the high intrinsic material loss 𝛾𝛾. As such, 
↻ and ↺ modes can coexist with equal amplitude in both microring resonators, resulting 
in a zero net OAM charge as shown in Fig. 4-15A. When the upper control waveguide is 
pumped (𝛾𝛾𝑇𝑇>0, 𝛾𝛾𝐵𝐵=0), an effective non-vanishing imaginary gauge h is realized and 
optical gain overcomes the intrinsic material loss and introduces a net gain around 
50 cm−1 (i.e. 𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒+𝛾𝛾𝑇𝑇 = 125.5 GHz). As a result, the coupling from the ↻𝐿𝐿 mode to the 
↻𝑅𝑅 mode (125.5 GHz) is much greater than the back coupling (~0 Hz). Simultaneously, the 
coupling from the ↺𝑅𝑅 mode to the ↺𝐿𝐿mode (125.5 GHz) is much greater than the back 
coupling (~0 Hz). The eigenvector of the Hamiltonian is therefore [↻𝐿𝐿 ↺𝐿𝐿 ↻𝑅𝑅 ↺𝑅𝑅]𝑇𝑇 =
[0 1 1 0]𝑇𝑇, which corresponds to unidirectional lasing of ↺/↻ modes in left/right ring 
resonators (Fig. 4-15B). In contrast, when the bottom control waveguide is pumped the 






Fig. 4-14 Schematic design and SEM pictures of a two microring OAM lasers. (A) Two 
microrings coupled with each other through two waveguide control arms that implement a 
synthetic imaginary gauge field, i.e. asymmetric mode coupling. Modes in the two rings 
with equal oscillation directions can couple with each other (i.e. the ↻/↺ modes couple 
with ↻/↺ modes, respectively). Unbalanced gain in upper and lower control waveguide 
arms yields asymmetric mode coupling. (B) SEM pictures of a fabricated laser system. 
Microring radius is 3.5 μm, width is 0.65 μm and height is 200 nm.  𝑀𝑀 = 32 periodic 
scatters are patterned at the inner sidewall of the microring and WGM order 𝑁𝑁 = 32. 
 
 
Fig. 4-15 Characterization of chirality tuning of two OAM microlaser system. (A) None of 
the two control arms were pumped (i.e. ℎ = 0), and emission was captured from the left-
side ring laser only. The right hand circular polarized component is about equal to the left 
hand circular polarized component. Off-center self-interference shows no fork. (B) The 
upper control arm was pumped (i.e. ℎ < 0) and caused lasing with ↺ mode in the left-side 
ring and ↻ mode in the right-side ring. The left-hand circularly polarized component was 
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dominant in the left-side ring emission. Off-center self-interference shows a pair of forks 
where one fringe split into two. (C) The lower control arm was pumped (i.e.  ℎ > 0) and 
caused lasing that has opposite chirality to panel (B) behavior. The right-hand circular 
polarized component is dominant in the left-side ring emission. Off-center self-interference 
also shows a pair of forks where one fringe split into two but in the opposite direction of 
(B) forks. 
4.6 Dynamically tunable OAM laser for enhanced, secure communications 
 
There are different ways to exploit OAM in wired and wireless communications 
system. In the simplest form, OAM can be defined as a modulation scheme, in which 
different symbols are mapped to different OAM modes. For example, in a binary (M=2) 
OAM modulation, symbol or bit 0 corresponds to mode l0 and symbol or bit 1 corresponds 
to another mode l1. Higher order modulations, e.g., M=4, can similarly be defined by 
assigning different symbols (e.g., 00, 01, 11, 10) to different modes (l0 to l3 or l-3, l-1, l1, 
and l3). The achievable data-rate of M-OAM modulation depends on the modulation order 
M and the duration of the symbol, the latter being related to the time needed for the OAM 
mode to be established at the transmitter and the required integration time at the receiver 
to recover it. Therefore, a device able to dynamically and quickly change between modes 
is needed, such as the first- and one-of-a-kind tunable OAM laser reported in this work. 
As we discussed in the main text, the switching time in our structure is mainly determined 
by the carrier lifetime of the semiconductor material, which leads to very short times and, 
thus, potentially very high modulation bandwidths. As suggested in [15], beam splitters, 
OAM mode sorters or even integrated photonic circuits can be utilized to combine different 
OAM modes at the transmitter and, correspondingly, split them at the receiver. 
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Orbital angular momentum (OAM) is more commonly exploited in conjunction with other 
modulation schemes. At the very least, each OAM source can be modulated following 
on/off keying. Alternatively, different modulations (such as coherent quadrature and 
phase), can be applied after laser emission. Moreover, by leveraging thermal modulation 
to control the resonance of individual resonators coupled with the imaginary gauge 
(Chapter 4.5), we can design our OAM source at different wavelengths and integrate them 
into arrays. The fact that for a given source all the OAM modes occur at the exact same 
wavelength enables simultaneous OAM multiplexing and WDM for high-capacity 
applications. Then, once again, by means of beam splitters & OAM mode sorters or 
integrated photonic circuits, the beams can be combined. The resulting multiplexed beam 
can be intended for a single user to process the aggregated information, or for a group of 
users who process only the information carried by a specific mode. Due to its intrinsic 
space-time dependent nature and many times misleadingly motivated by the way OAM is 
generated in lower frequency communication systems (namely, through phased antenna 
arrays), OAM multiplexing and Multiple-Input Multiple-Output (MIMO) communications 
have been often discussed together [16]. While physically different, from the 
communication perspective they are conceptually equivalent and, thus, share the same 
fundamental limits [17]. Increasing the number of modes leads to a proportional increase 
in capacity, but not without an increasing complexity at the receiver, whose ability to 
separate different OAM modes ultimately bottlenecks the achievable capacity. As with any 
other communication technique, OAM and MIMO can also be utilized complementarily 
together [18]. In all these cases, a tunable OAM laser is needed to support time-varying 
scenarios (e.g., mobile networks) that require dynamic resource allocation strategies. 
Last but not least, OAM can also be leveraged to increase the security of wired 
and wireless communication networks. First, the strict requirements on the placement of 
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the receiver to properly recover the OAM mode and its susceptibility to multi-path 
propagation would require an eavesdropper to be perfectly aligned with the transmitter 
and most likely blocking the receiver itself. While it has been shown [19] that even 
miniature metallic obstacles, which would not fully block the receiver, can be used to 
create a replica of the signal at an off-line direction, the OAM information would be lost. 
Other ways in which OAM can increase the security of communications systems is through 
the concept of OAM mode hopping [20]. Similar to the way in which frequency-hopping 
operates, in OAM hoping, the transmitter and the receiver dynamically change their OAM 
mode following a pseudo-random sequence only known to them as data is being 
transmitted. Within each mode, the source can be on/off modulated or different 
modulations can be applied after emission. The resulting beam is only decipherable by a 
receiver that has simultaneously and accordingly changed. To enable such secure 
communication scheme, a transmitter able to dynamically change its OAM mode at high 




To summarize this chapter, our tunable OAM microlaser is capable of emitting 
vortex beams of 5 different topological charges at room temperature. The non-Hermitian 
manipulation of chiral spin-orbit interaction offers fundamentally new functionality of 
controllable vortex light emission in a scalable way. The non-Hermitian control of spin-
orbit interactions and thus OAM emissions is general and compatible with conventional 
electrical pumping schemes where standard p-i-n semiconductor configurations are 
exploited for current injection to excite optical gain [21]. The toolbox of generating various 
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vortex light at a single wavelength holds the promise for future development of multi-
dimensional OAM-SAM-wavelength division multiplexing for high-density data 
transmission in classical and quantum regimes. Additionally, dynamic switching between 
different OAM modes in time can further increase the security of wired and wireless 
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CHAPTER ULTRAFAST CONTROL OF FRACTIONAL ORBITAL ANGULAR 
MOMENTUM OF MICROLASER EMISSIONS 
 
This chapter is adapted from the following manuscript accepted for publication in 
Light Science & Applications: 
Z. Zhang, H. Zhao, D. G. Pires, X. Qiao, Z. Gao, J. M. Jornet, S. Longhi, N. M. 
Litchinitser and L. Feng, Ultrafast control of fractional orbital angular momentum 
of microlaser emissions. 






Instead of traditional integer OAM, in this chapter, we focus on the fractional OAM 
[1], which have attracted a considerable attention for their unusual properties and potential 
applications [2]. Particularly, FOAM beams display subtle topological features [3] and their 
propagation manifests some unusual mathematics of transfinite numbers [4]. We will first 
start from the definition point of view to reveal the fundaments of fractional OAM. 
 The total angular momentum associated with electromagnetic (EM) fields in a 
homogeneous medium such as free space is  
𝐽𝐽 = ∫ 𝑑𝑑𝐸𝐸𝜀𝜀0𝐸𝐸 × �𝐸𝐸�⃗ × 𝐵𝐵�⃗ �, (5 − 1)                                           
where 𝐸𝐸 is the position, 𝜀𝜀0 is the dielectric permittivity of free space, and 𝐸𝐸�⃗  and 𝐵𝐵�⃗  are the 
electric field and magnetic flux density of EM wave, respectively. In the paraxial limit, the 
phase variation and the polarization state of an optical beam are uncoupled, featuring two 
independent types of angular momenta: OAM (L) and SAM (S):  
𝐽𝐽 = 𝜀𝜀0�∫ 𝑑𝑑𝐸𝐸𝐸𝐸𝑖𝑖⊥
∗(𝐸𝐸 × ∇)𝑑𝑑𝑖𝑖⊥
𝑖𝑖
+ ℎ. 𝑐𝑐. +𝜀𝜀0∫ 𝑑𝑑𝐸𝐸𝐸𝐸�⃗ ⊥
∗
× 𝑑𝑑⊥ + ℎ. 𝑐𝑐. = 𝐿𝐿�⃗ + 𝑆𝑆 (5 − 2) 
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where 𝐸𝐸�⃗ ⊥ and 𝑑𝑑⊥ are the transverse components of the electric field and vector potential, 
and i denotes the order of the mode [5]. Note that any EM wave or field can be described 
as a superposition on the eigen basis of the Laguerre-Gaussian modes: 𝐸𝐸�⃗ ⊥ = ∑ 𝑃𝑃𝑠𝑠,𝑖𝑖𝐸𝐸�⃗ 𝑠𝑠,𝑖𝑖⊥𝑠𝑠,𝑖𝑖  
and 𝑑𝑑⊥ = ∑ 𝑃𝑃𝑠𝑠,𝑖𝑖𝑑𝑑𝑠𝑠,𝑖𝑖⊥𝑠𝑠,𝑖𝑖  [6], each of which carries the OAM of lħ depending on their azimuthal 
order l (l must be an integer) regardless of their spin state of ±ħ (s = ±1), where 𝑃𝑃𝑠𝑠,𝑖𝑖 
represents the amplitude of each eigenmode. Due to mode orthogonality, the interference 
between different eigenmodes does not yield any additional OAM or spin, other than the 
intrinsic angular momentum associated with each mode. In this scenario, assuming the 
Coulomb gauge:  ∇ ⋅ 𝑑𝑑 = 0  and 𝜙𝜙 = 0  under the source-free condition, the vector 
potential of a light beam, for example emitted from our vortex microlaser, can be 













, (5 − 3) 
where 𝑃𝑃 is the radiation intensity of each scatter, 𝑀𝑀 is the number of scatters, 𝑅𝑅 is the 











 is the 




 [8], 𝑖𝑖  is the 
wavevector, 𝜔𝜔 is the angular frequency, Φ(𝜌𝜌, 𝐸𝐸) = exp [𝑗𝑗𝑖𝑖(𝐸𝐸 + 𝜌𝜌
2+1
2𝑧𝑧
)] is a phase factor, 𝑠𝑠 
stands for the spin as aforementioned, and 𝑒𝑒−1 = (𝑒𝑒𝑥𝑥 − 𝑖𝑖𝑒𝑒𝑦𝑦)/√2, 𝑒𝑒+1 = (𝑒𝑒𝑥𝑥 + 𝑖𝑖𝑒𝑒𝑦𝑦)/√2 are 
the unit vectors of right and left circular polarization, respectively. Correspondingly, the 
electric field can be expressed as [7]: 






� exp[𝑗𝑗(𝑙𝑙 − 1)𝜙𝜙] 𝑒𝑒𝑠𝑠 = � 𝑃𝑃𝑠𝑠,𝑖𝑖𝐸𝐸�⃗ 𝑠𝑠,𝑖𝑖⊥
𝑠𝑠,𝑖𝑖
. (5 − 4) 
To calculate the mean value of OAM and spin, notice that: 
𝜀𝜀0∫ 𝑑𝑑𝐸𝐸𝐸𝐸𝑠𝑠1,𝑖𝑖1,𝑖𝑖
⊥ ∗(𝐸𝐸 × ∇)𝑑𝑑𝑠𝑠2,𝑖𝑖2,𝑖𝑖
⊥ ∝ � 𝑒𝑒𝑗𝑗(𝑖𝑖2−𝑖𝑖1)𝜙𝜙𝑑𝑑𝜙𝜙𝑒𝑒𝑠𝑠1
∗ ⋅ 𝑒𝑒𝑠𝑠2 = 2𝑙𝑙𝛿𝛿𝑖𝑖1𝑖𝑖2𝛿𝛿𝑠𝑠1𝑠𝑠2
2𝜋𝜋
0




⊥ ∗ × 𝑑𝑑𝑠𝑠2,𝑖𝑖2
⊥ ∝ � 𝑒𝑒𝑗𝑗(𝑖𝑖2−𝑖𝑖1)𝜙𝜙𝑑𝑑𝜙𝜙𝑒𝑒𝑠𝑠1
∗ × 𝑒𝑒𝑠𝑠2 = 2𝑙𝑙𝑗𝑗𝑠𝑠1𝛿𝛿𝑖𝑖1𝑖𝑖2𝛿𝛿𝑠𝑠1𝑠𝑠2𝑒𝑒𝑧𝑧
2𝜋𝜋
0
. (5 − 6) 
With the OAM and spin associated with each individual mode: 
�𝜀𝜀0� ∫ 𝑑𝑑𝐸𝐸𝐸𝐸𝑠𝑠1,𝑖𝑖1,𝑖𝑖
⊥ ∗(𝐸𝐸 × ∇)𝑑𝑑𝑠𝑠1,𝑖𝑖1,𝑖𝑖
⊥
𝑖𝑖
+ ℎ. 𝑐𝑐. �
𝑧𝑧
= ℏ𝑙𝑙1, (5 − 7) 
�𝜀𝜀0∫ 𝑑𝑑𝐸𝐸𝐸𝐸�⃗ 𝑠𝑠1,𝑖𝑖1
⊥ ∗ × 𝑑𝑑𝑠𝑠1,𝑖𝑖1
⊥ + ℎ. 𝑐𝑐. �
𝑧𝑧
= ℏ𝑠𝑠1, (5 − 8) 













,                      (5 − 9) 
suggesting that the average OAM charge per photon in a complex field can take fractional 
numbers, i.e. FOAM. The property of FOAM beams to carry any value between two (or 
multiple) integer numbers of quanta, as a result of superposition of two (or multiple) 
spatially variant fields of different vorticity, makes them especially useful in certain types 
of optical communications. For example, this feature leads to an increase of the 
modulation spectral efficiency, yielding higher bit-rates for the same total bandwidth, as it 
can enable M-ary modulations in an analog to the well-established quadrature amplitude 
modulation scheme [9]. 
 The desired FOAM can be generated by delicately tuning the weighting between 
two distinguished OAM components. However, high-speed control and fast 
reconfigurability of FOAM, which is demanding in optical communication and computation 
applications, is challenging since the existing approaches are either static or mechanically 
slow despite several miniaturization efforts in on-chip OAM sources [10-13]. Ultrafast 
control based on nonresonant nonlinearities provides a viable route [14,15], however this 
approach requires relatively high control powers and shows relatively low switching 
efficiency. In this chapter, we overcome such limitations and demonstrate generation and 
fast all-optical control of FOAM light in the picosecond time scale exploiting the transient 
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carrier dynamics of the optical gain in a semiconductor vortex microlaser. Using the 
tunable vortex microlaser platform introduced in Chapter 4 and a control laser pulse (Fig. 
5-1), spatio-temporal modulation of the spin-orbit interactions of counter-propagating 
longitudinal modes results in transient FOAM light generation. This approach enables to 
selectively excite and reconfigure the weighting of different vortex OAM components, 
leading to tunable vector beams with a precise, continuous FOAM sweep between charge 
0 and charge +2 within 100 picoseconds.   
 
Fig. 5-1 Ultrafast control of fractional orbital angular momentum (FOAM) by a tunable 
vortex microlaser. An InGaAsP microlaser is embedded in a Si3N4 substrate and coupled 
with an external control arm, both pumped by ultrafast pulses, enabling the desired spin-
orbit interactions. By controlling the time delay between the control and pump pulses, the 
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FOAM of laser emissions can be temporally modulated with a picosecond resolution. The 
inset indicates the spatially variated electric field distribution showing vectorial nature of 
the FOAM emission, assuming the contributions from all 4 spin-OAM components in Eq. 
(5-10) with a specific vortex microlaser design. 
 
5.2 Ultrafast control of tunable vortex microlasers 
 
To demonstrate FOAM control in the picosecond time scale, we start from the 
tunable vortex microlaser [16] introduced in Chapter 4 consisting of a microring resonator 
and an external coupling loop with two control arms, all made of 200 nm-thick InGaAsP 
multiple quantum wells and embedded in a Si3N4 substrate (Fig. 5-1). The microring 
resonator supports two chiral modes: counterclockwise (↺) and clockwise (↻) whispering 
gallery modes (WGMs) that are indirectly coupled by the external loop. The in-plane chiral 
modes are extracted and converted to OAM emissions by an angular grating with M 
equidistant scatters placed at the inner side wall of the microring. Unlike the case with 
unitary transverse spin described in Chapter 4.2, here, the device was designed with a 
more generalized parameter combo with non-unitary transverse spin. Hence, the 
extracted global phases experience opposite coordinate rotation and can be expressed 
as 𝜑𝜑global,𝑞𝑞 = 2𝑙𝑙𝐶𝐶[𝑞𝑞(𝑁𝑁 −𝑀𝑀) − 𝑞𝑞]/𝑀𝑀 for left handed spin (s = 1) component and 𝜑𝜑global,𝑞𝑞 =
2𝑙𝑙𝐶𝐶[𝑞𝑞(𝑁𝑁 −𝑀𝑀) + 𝑞𝑞]/𝑀𝑀 for right handed spin (s = −1) component. Therefore, the linearly 
varying phase distribution creates an emission with two integer OAM modes with 
topological charges of 𝐶𝐶(𝑁𝑁 −𝑀𝑀 − 1) and 𝐶𝐶(𝑁𝑁 −𝑀𝑀 + 1) with orthogonal spin states and a 
total angular momentum |𝐽𝐽| = |𝑁𝑁 −𝑀𝑀| . In this Chapter, we designed the microring 
resonator with a diameter of 7 μm and a width of 0.6 μm (see the inset in Fig. 5-2A). For 
the wavelength of approximately 1500 nm, the resonant order of the WGMs is 𝑁𝑁 = 34, 
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which, alongside the diffraction order of the angular grating of 𝑀𝑀 = 35, yields a total 
angular momentum of 𝐽𝐽 = ∓1  for extracted emissions from the ↺  and  ↻  modes, 
respectively. Therefore, the microlaser emissions contain 4 components corresponding to 
the 4 SAM-OAM combinations, described as: 
𝐼𝐼𝐻𝐻𝑜𝑜𝑑𝑑 = 𝐼𝐼𝑳𝑳,−2 + 𝐼𝐼𝑹𝑹,0 + 𝐼𝐼𝑳𝑳,0 + 𝐼𝐼𝑹𝑹,+2 ∝ 𝑒𝑒↺𝜎𝜎2 + 𝑒𝑒↺(1 − 𝜎𝜎2) + 𝑒𝑒↻(1 − 𝜎𝜎2) + 𝑒𝑒↻𝜎𝜎2 (5 − 10) 
where Iout is the total intensity of the microlaser emissions, which is the sum of the 
intensities of 4 different spin-OAM components with 𝑳𝑳/𝑹𝑹 indicating the left/right-handed 
circular polarization and -2, 0, +2 denoting the associated OAM charge. The 4 spin-OAM 
components correspond to the out-couplings of 4 combinations between the ↺/↻ mode 
and in-plane transverse spins, where 𝑒𝑒↺/𝑒𝑒↻ denotes the power associated with the ↺/↻ 
mode inside the cavity, respectively, and 𝜎𝜎 is the absolute value of the transverse spin 
angular momentum charge to describe the purity of the transverse spin (designed to be 
0.9 with the method described in chapter 4.2). Equation (5-10) captures the central idea 
of this chapter – by exciting and reconfiguring the weighting of different OAM components, 
we demonstrate a precise, continuous FOAM sweep between charge 0 and charge +2 
within 100 picoseconds. The associated FOAM charge is calculated by integrating the 
OAM flux across the whole vector beam (see the spatially varying polarization state shown 
in the inset of Fig. 1) [17,18], according to Eq. (5-9), given no spin-orbit coupling at the 
paraxial limit after the beam is emitted from the microlaser. 
The WGM microlaser emission is controlled exploiting indirect non-Hermitian mode 
coupling [19-22] via suitable external loops [16]; see Fig. 5-1. The effective mode coupling 
can be turned from completely symmetric (Hermitian) to unidirectional (exceptional point), 
depending on the gain-loss contrast between the two control arms. This enables actively 
tune the weighting between the two chiral modes (that is equivalent to the power ratio 
87 
 
between 𝑒𝑒↺  and 𝑒𝑒↻ ). The ultrafast chiral response can be described by the following 
coupled mode equations when 𝑃𝑃1 − 𝑃𝑃2 ≥ 0 by assuming a fast response of carriers: 
𝑑𝑑𝐸𝐸↻
𝑑𝑑𝜕𝜕
= 𝑖𝑖𝜔𝜔𝐸𝐸↻ + �𝜅𝜅0 + 𝜅𝜅𝑒𝑒−𝛾𝛾𝑒𝑒𝛾𝛾𝐿𝐿𝑒𝑒
−𝑇𝑇1−𝑇𝑇2𝜏𝜏 �𝐸𝐸↺ (5 − 11) 
𝑑𝑑𝐸𝐸↺
𝑑𝑑𝜕𝜕
= 𝑖𝑖𝜔𝜔𝐸𝐸↺ + (𝜅𝜅0 + 𝜅𝜅𝑒𝑒−𝛾𝛾)𝐸𝐸↻ (5 − 12) 
where 𝐸𝐸↻/𝐸𝐸↺ denotes the electric field amplitude of the ↻/↺ mode, respectively; 𝜅𝜅 is the 
coupling between ↻ and ↺ modes without gain or loss and 𝜅𝜅0 corresponds to the coupling 
arising from the nonlinear effects and fabrication imperfection; −𝛾𝛾  is the single pass 
attenuation through the control waveguide and 𝛾𝛾𝐿𝐿 indicates the single pass amplification 
through the control waveguide at the time of pulse incidence; and 𝜏𝜏 is the life time of gain 
carriers in the control waveguide. The power ratio between the two chiral modes 
circulating in the microring can be roughly estimated form the steady-state linear 












(5 − 13) 
Note that the carrier dynamics is assumed to have an instantaneous and linear impact on 
the chiral ratio due to the fact that the pump pulse duration is several orders of magnitude 
shorter than the carrier lifetime, while the lasing pulse duration is shorter than 𝜏𝜏. Numerical 
analysis of laser pulse dynamics, based on semiconductor rate equations [19] with 
spontaneous emission noise, show that the ratio of pulse energies between the two chiral 
modes circulating in the ring is well described by the above equation. 
 





Fig. 5-2 Experimental realization and characterization of ultrafast-controlled FOAM laser 
emissions. (A) Schematic of the experimental setup, where two femtosecond pulses (i.e. 
pump and control) are projected onto the vortex microlaser using two MOs and the excited 
laser emission is imaged onto a CCD camera. Inset shows the scanning electron 
microscope image of the tunable vortex microlaser, where angular gratings are patterned 
at the inner side wall to produce the fractional OAM emission.  (B) The spectrum of the 
FOAM emissions from the vortex microlaser, showing single-mode lasing at 1494.6 nm. 
(C) The measured and fitted temporal evolution of laser emissions, showing ultrafast gain 
dynamics in the applied InGaAsP multiple quantum wells with a carrier lifetime of 263.15 
± 1.41 ps. 
 
In experiments, the emitted vortex beam was collected using a 20× microscope 
objective, guided through a quarter waveplate and a linear polarizer for the desired 
polarization selection, and then its spatial profile was imaged onto a charge coupled 
device (CCD) camera (Fig. 5-2A). The spectrum of the microlaser emissions confirms a 
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single-frequency laser action at the wavelength of 1494.6 nm with a sideband suppression 
ratio of >24 dB (Fig. 5-2B).  
 
Fig. 5-3 (A) Measured intensity pattern of the microlaser emissions with arrows indicating 
the polarization states. (B) Measured intensity pattern of the microlaser emissions passing 
through a linear polarizer in the horizontal direction, showing 4 main lobes with a central 
line connecting the upper and lower lobes. (C) Measured intensity pattern of the microlaser 
emissions passing through a linear polarizer in the vertical direction, showing only 4 lobes 
90° rotated with respect to those in (B). 
 
When only the microring laser is pumped, the microlaser emissions contain all 4 
spin-OAM components as described in Eq. (5-10) and form a vector beam whose 
polarization state spatially varies as shown in the inset of Fig. 5-1(simulation) and marked 
in Fig. 5-3A (experimental result). The observed bright circle corresponds to the 
contributions from the OAM ±2 components and the non-zero center arises from the two 
OAM 0 components. The spatially varying polarization nature of the beam was verified by 
selecting two orthogonal linear polarizations, showing two complementary 4-lobe patterns 
(Fig. 5-3B and Fig. 5-3C). Since the field at the center of the beam is horizontally polarized, 
it is visible when a linear polarizer is horizontally placed but varnishes when the polarizer 




5.3.1 Characterization of carrier lifetime  
To experimentally validate the transient carrier dynamics which is crucial for 
ultrafast switching, we projected the control pulse to spatially overlap with the main pulse 
on the microring and collecting the lasing emissions as a function of time delays between 
the two pulses (i.e. 𝑃𝑃1 − 𝑃𝑃2) (Fig. 5-2C & Fig. 5-4). The energy of the main pump pulse is 
well greater than the lasing threshold, while the energy of the control pulse is lower than 
the lasing threshold (Fig. 5-2C). The polarization states of the two pulses are orthogonal, 
so they do not interfere and serve as two individual pumps. Note that at each time delay, 
the measurement corresponds to temporal integration of microlaser emissions. This 
method [23] aim to estimate the carrier lifetime by converting the decaying carriers 
population [n(t)] information into the time dependent intensity enhancement [∆𝐼𝐼(𝜕𝜕)] which 
is in general an analogy of direct laser intensity modulation. At time 0, we first apply a 
below threshold pulse (effectively a small signal) to excite a certain number of carriers 𝑛𝑛0 
with lifetime 𝜏𝜏. At the arrival of a strong pulse (injection of a carrier population 𝑛𝑛𝑠𝑠), the 
remaining carrier 𝑛𝑛0𝑒𝑒−𝑑𝑑/𝜏𝜏 could be added with 𝑛𝑛𝑠𝑠, forming a single ‘enhanced pulse’ of 
total carrier injection 𝑛𝑛𝑠𝑠 + 𝑛𝑛0𝑒𝑒−𝑑𝑑/𝜏𝜏 which can be translated into 𝐼𝐼𝑠𝑠 + 𝐼𝐼0𝑒𝑒−𝑑𝑑/𝜏𝜏 by neglecting 
nonlinear effects. Consequently, by varying the delay time t, the emission energy is 
recorded and fitted to get the lifetime 𝜏𝜏. This method may not be perfectly accurate due to 
the presence of nonlinear effects, but still give a good estimation without the requirement 
of fast detectors. We also conducted two control experiments in additional to that shown 
in Fig. 5-2C: 1) both pulses’ energies are well greater than the lasing threshold and 2) both 
pulses’ energies are less than the lasing threshold but their summation is greater than the 
threshold when overlapped in time and space. (Fig. 5-4) 
91 
 




















 Ppump & Pcontrol < Pth
 Ppump > Pth & Pcontrol < Pth
 Ppump & Pcontrol > Pth
 
Fig. 5-4 Measured lasing emission intensities when the microring is pumped by different 
combinations of energies associated with the main pump pulse and the control pulse. 
 
When both pulses’ energies are lower than the lasing threshold, lasing only occurs 
within a certain range of 𝑃𝑃1 − 𝑃𝑃2. If 𝑃𝑃1 − 𝑃𝑃2 > 0, the control pulse reaches the laser cavity 
first and excites a number of carriers decaying in time, but some carriers remain upon the 
arrival of the pump pulse. In this scenario, if the sum of the carriers contributed by both 
pulses surpasses the lasing threshold, the laser action happens until the total carriers 
decay to drop below the lasing threshold.   
When pump pulse has a greater energy above the lasing threshold but the control 
pulse is below the threshold, the laser action is always measured regardless of the time 
delay between the two pulses. In the region of 𝑃𝑃1 − 𝑃𝑃2 < 0, however, there are three small 
sub-regions exhibiting different features: (i) < -38 ps (the left kink), (ii) between -38 and -
17 ps (peak) and (iii) between -17 and 0 ps. In region (i), the lasing triggered by the main 
pump pulse ends completely and its excited carriers drop below the threshold. However, 
the arrival of the control pulse brings the microring back to lasing since a good number of 
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carriers remain. As a result, the captured signal, including a main lasing pulse excited by 
the main pump and a secondary lasing pulse triggered by the control, is enhanced but 
with a lower slope efficiency. In region (ii), the lasing emission is enhanced more rapidly 
and efficiently. Despite the decay of the carriers, the lasing action triggered by the main 
pump pulse is still on-going. In this scenario, the control pulse directly contributes to the 
laser actions with a greater slope efficiency. The peak signal corresponds to the right time 
delay where the remaining carriers excited by the main pump, together with the new 
carriers supplied by the control, reach the maximum absorption of pulse energy 
corresponding to the power saturation threshold, below which the microlaser has the best 
slope efficiency. In this case, the carriers excited by the control pulse is converted into 
laser emissions with the highest efficiency, resulting in the maximum enhancement in laser 
emissions in time.  In region (iii), a very large number of carriers are excited by the main 
pulse and still remain till the arrival of the control pulse. In this case, the carriers on the 
ground state is depleted, causing reduced absorption of the control pulse and therefore 
bringing the microlaser into the power saturation region with reduced energy conversion 
efficiency [23,24]. This leads to a drop in microlaser emissions with a minimum occurring 
at the time when the two pulses are completely overlapped. In the region of 𝑃𝑃1 − 𝑃𝑃2 > 0, 
the control pulse arrives earlier and excites carriers with a lifetime τ (no lasing occurred). 
Since the control pulse is below the lasing threshold, only the spontaneous emission 
occurs before the arrival of the main pump pulse, where the carriers decay at the 
spontaneous recombination rate. The remaining carriers effectively enhance the total laser 
output. When 𝑃𝑃1 − 𝑃𝑃2 increases, this effective enhancement decreases in its intensity with 
the spontaneous recombination rate, by which data fitting was performed to retrieve the 
carrier lifetime: τ ~ 263 ps.  
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When both pulses are greater than the lasing threshold with similar energy, we 
observed a symmetric response of output laser emissions with respect to zero time delay. 
Similarly, the three small regions also exist, as the aforementioned lasing mechanism still 
applies in this case. Note that, in the region of 𝑃𝑃1 − 𝑃𝑃2 is sufficiently large, the carriers 
excited by the control pulse decay to a level similar to the weak control pulse discussed 
above. In this case, data fitting was also performed to retrieve the carrier lifetime, which 
shows a similar result: τ ~ 249 ps, demonstrating the potential towards the ultrafast 
dynamical control. 
 
5.3.2 Characterization of ultrafast Chirality and FOAM dynamics 
As discussed in Chapter 5.2, precise, continuous FOAM sweep can be realized by 
exciting and reconfiguring the weighting of different OAM components.  The ultrafast 
temporal control of the weighting between the two chiral modes and thus of the ratio 
between their associated power (𝑒𝑒↺/𝑒𝑒↻ ), which is the key dynamical parameter to 
reconfigure the fraction of each spin-OAM component in the emitted vector beam [see Eq. 
(5-10)] is achieved by tuning the temporal delay between the main pulse incident on the 
microring and the control pulse in the left control arm. In particular, the modulation of the 
carriers, facilitated by the precisely controlled temporal delay of the pulses in both the 
microring and the left control arm, enables the ultrafast control of the fractional OAM 




Fig. 5-5 Temporal control of FOAM laser emissions. (A) Measured chirality of laser 
emissions as a function of time delay between the pump and control pulses. The inset 
shows a snapshot of the vortex beam, where the dashed white circle area at the center is 
used to analyze the chirality. (B) Measured FOAM charge of laser emissions, which can 
be continuously tuned between 0.18 to 1.57 in a temporal scale of ~100 ps. (C) Measured 
FOAM charge of laser emissions after filtering out the cross-spin component, which can 
be continuously tuned between 1.68 to 2 in the same temporal scale. (D) OAM spectra of 
FOAM laser emissions at different time delays corresponding to the 5 points marked in 
(B). OAM charge -2/+2 component is decreasing/increasing as time delay approaching 
zero. (E) OAM spectra of FOAM laser emissions at different time delays corresponding to 
the 5 points marked in (C). All cross-spin components (i.e. |𝑳𝑳,−2⟩ and |𝑳𝑳, 0⟩) are filtered 




The power associated with all 4 spin-OAM components in Eq. (5-10) can be 
evaluated according to their spatial distributions and polarization states. For instance, 
|𝑹𝑹, 0⟩ and |𝑳𝑳, 0⟩ states are located at the center as marked in the inset of Fig. 5-5A. To 
calculate the chirality, defined as (𝑒𝑒↻ − 𝑒𝑒↺)/(𝑒𝑒↻ + 𝑒𝑒↺), we performed two integrations of 
the power in the region defined by the white dashed circle in the inset of Fig. 5-5A (i.e., 
the OAM 0 components), with (i) filtering out the left-handed circularly polarized 
components and (ii) filtering out the right-handed circularly polarized components, 
respectively. The measured powers from these two different conditions are proportional 
to 𝑒𝑒↺  and 𝑒𝑒↻ , respectively, given the same out-coupling efficiency (see Eq. (5-10)). 
Consequently, the temporal response of lasing chirality is depicted in Fig. 5-5A. Similarly, 
the temporally varying power associated with |𝑹𝑹, +2⟩ and |𝑳𝑳,−2⟩ can be measured: as the 
time delay approaches zero, the chirality reaches 1 (i.e. 𝑒𝑒↻ ≫ 𝑒𝑒↺), leading to the maximum 
weighting of |𝑹𝑹, +2⟩ and zero |𝑳𝑳,−2⟩ (Fig. 5-5D and Fig. 5-5E). Altogether, by counting the 
power average of all 4 integer OAM components, we conducted dynamical sweeping of 
the FOAM charge of the vector beam with a picosecond resolution, where the fractional 
charge can rapidly vary from 0.18 to 1.57 within 100 ps (Fig. 5-5B). The upper bound of 
the tuning range can be expanded if the cross-spin components are filtered. By selecting 
only the right-handed polarized components (|𝑹𝑹, +2⟩ and |𝑹𝑹, 0⟩), the FOAM charge varies 
in a range from 1.68 to 2 (Fig. 5-5C). Fig. 5-5D and Fig. 5-5E show the histograms of 
decomposed integer OAM orders at 5 different time delays, with and without filtering the 
cross-spin components, respectively. Note that because |𝑹𝑹, +2⟩ and |𝑳𝑳, 0⟩ states are both 
locked with the same ↻ mode, OAM charge 0 cannot vanish without filtering out the cross-
spin components (Fig. 5-5D). The desired polarization selection further promotes the 
upper bound of the FOAM tuning to pure OAM charge +2, despite the generalized 
96 
 
condition of a non-unitary transverse spin in our design (Fig. 5-5E). It is also worth noting 
that, due to the finite duration of the laser output pulse (< 20 ps), the measured results 
correspond to the temporal average of the FOAM in the duration of the output pulse. 
 
5.3.3 Characterization of ultrafast phase singularity dynamics  
The phase singularity, associated with zero intensity at the singularity point, is a 
unique topological feature of the vortex beam. The ultrafast control enables novel space-
time photonic transitions with dynamically evolving beam characteristics, as revealed by 
the splitting and merging of singularity points in the vector beam on the picosecond scale. 
The off-center self-interference technique was performed to validate the charge and 
singularity dynamics of the microlaser emissions, as shown in Fig. 5-6, showing 2 pairs of 
forks: one pair both facing up in the white box on the left half and the other pair both facing 
down on the right half. The opposite directions of the two pairs show their origins from the 
two beams in the interference. To make the results more visible and manifest detailed 




Fig. 5-6 Full image of one off-center self-interference pattern. The white box region was 
cropped and zoomed in to show the details in the main text. In this full image, four single 
charge forks (2 pairs) are observed with a pair on each side and the 2 pairs face in opposite 
directions. 
 
 In the case without polarization selection (Fig. 5-7), all 4 spin-OAM components 
spatially superpose: |𝑹𝑹, +2⟩  and |𝑳𝑳,−2⟩  spatially overlap but their opposite azimuthal 
phase variations cancel each other, while the two OAM charge 0 components (|𝑹𝑹, 0⟩ and 
|𝑳𝑳, 0⟩) carry planar phase fronts with a bright spot at the center of the vortex beam, at 
|𝑃𝑃1 − 𝑃𝑃2| ≥ 80 ps. Therefore, the microlaser emissions are non-chiral and the simulated 
phase map does not indicate any pronounced phase singularity, consistent with the 
continuous interference fringes experimentally observed via the off-center self-
interference of the emitted vector beam. Note that the beam is in general elliptically 
polarized when including all 4 spin-OAM components. The phase of the beam in Fig. 5-
7A is defined as 𝜑𝜑 = arg (𝑬𝑬𝑇𝑇𝑺𝑺) , where 𝑬𝑬  is the electric field vector and 𝑺𝑺  is the unit 






�, where Ex and Ey are the x and y 
components of electric field and α is the phase delay between them. As 𝑒𝑒↻ prevails when 
the time delay between the two pulses approaches zero, |𝑹𝑹, +2⟩  and |𝑳𝑳, 0⟩  become 
dominant, leading to the dynamically increased FOAM charge. In such a very short 
duration, two charge +1 singularity points emerge from the bright doughnut area and move 
towards the center, as evidently shown in the measured interferograms: two forks are 
formed due to phase discontinuities at the two singularity points, where the fringe at each 
fork splits from one to two, indicating two charge 1 singularity points. The two charge +1 
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singularity points cannot touch because of the existence of |𝑳𝑳, 0⟩  arising from 
geometrically defined 𝜎𝜎 associated with the non-unitary transverse spin.  
 
 
Fig. 5-7 Temporal evolution of the FOAM laser emissions without filtering out the cross-
spin components. (A) Simulated phase distribution 𝜑𝜑 of the elliptically polarized FOAMs 
at 5 different time delays between the pump and control pulses, carrying a fraction charge 
of l = 0.18, 0.55, 1.57, 0.82 and 0.23, respectively. The two singularity points associated 
with the FOAM vortex field emerge from edges and move toward the center as delay time 
approaching zero. (B) Measured off-center self-interferences of FOAM vortex fields at the 
5 time delays. As time delay approaching zero, the forks arise from the two singularity 
points of the FOAM field and move toward the center. Forks are marked with white dashed 
lines for better visibility. (C) Measured intensity maps of the FOAM field, featuring dark 
holes around a bright center that arises from OAM charge 0 components (i.e. |𝑹𝑹, 0⟩ and 
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|𝑳𝑳, 0⟩). The two dark holes become less visible when the delay time approaches zero as 
they become spatially overlapped with only the |𝑳𝑳, 0⟩ component. 
However, with successfully filtering out the cross-spin components L (Fig. 5-8), 
only |𝑹𝑹, +2⟩ survives at 𝑃𝑃1 − 𝑃𝑃2 = 0, so the two charge 1 singularity points merge to form 
a charge +2 singularity, manifested by a perfect doughnut with a 4π phase variation in the 
azimuthal direction. Since only the right-handed circularly polarized components remain, 
the phase of the beam in Fig. 5-8A is defined as 𝜑𝜑 = arg (𝑬𝑬𝑇𝑇𝑹𝑹), where 𝑬𝑬 is the electric 
field vector and  𝑹𝑹 is the unit vector of the right handed circular polarization 𝑹𝑹 = 1
√2
� 1e−i𝜋𝜋/2�. 
In the off-center self-interference of the emitted beam, the fork-like fringe splits from 1 to 
3, confirming a topological charge of +2. When the two pump pulses do not temporally 
overlap (i.e. 𝑃𝑃1 − 𝑃𝑃2 ≠ 0), |𝑹𝑹, +2⟩ and |𝑹𝑹, 0⟩ coexist, also leading to the dynamically tuned 
FOAM charge with two charge +1 singularity points. In this case, the dynamical FOAM 
tuning ranges from 1.68 to 2, where the lower bound is mainly determined by the 





Fig. 5-8 Temporal evolution of the FOAM laser emissions after filtering out the cross-spin 
components. (A) Simulated phase distribution 𝜑𝜑 of the right-handed circularly polarized 
FOAMs at 5 different time delays between the pump and control pulses, carrying a fraction 
charge of l = 1.68, 1.8, 2, 1.86 and 1.71, respectively. The two charge +1 singularity points 
associated with the FOAM vortex field move toward the center and finally merge at zero 
time delay. (B) Measured off-center self-interferences of FOAM vortex fields at the 5 time 
delays. Two separated charge +1 forks merge at zero time delay, where a single fringe 
splits into three indicating an OAM charge of +2. Forks are marked with white dashed lines 
for better visibility. (C) Measured intensity maps of the FOAM field, where the bright center 
arises from the same-spin OAM charge 0 component (i.e. |𝑹𝑹, 0⟩). As the two singularity 
points merge at the center at zero time delay, the bright center (i.e. |𝑹𝑹, 0⟩) vanishes, 






To summarize this chapter, we experimentally demonstrated the ultrafast 
modulation in a continuously tunable vortex microlaser, harnessing the fast transient 
carrier dynamics of the semiconductor optical gain in conjunction with non-Hermitian-
controlled spin-orbital interactions of light. Notably, the switching speed of the FOAM 
vortex emission is in principle limited by the semiconductor optical response, with the 
potential to achieving sub-ps switching on material platforms such as perovskites [25]. The 
demonstrated FOAM tuning ranges from charge 0 to +2 and can be expanded to from -2 
to +2 easily with modified optical setup to temporally coordinate ultrafast pumping on both 
control arms, dynamically controlled with a picosecond resolution. The scheme with the 
ultrafast control of continuously tunable FOAM, compatible with other modulation schemes 
in polarization, amplitude, frequency, etc., could be of potential relevance for the next 
generation of ultrahigh-speed optical communication systems offering a feasible route to 
further enhancing the communication bandwidth based on multi-level OAM keying in 
coherent optical communication. Additionally, it could be of relevance to unveil novel 
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CHAPTER 6 SUMMARY AND OUTLOOK  
6.1 Summary 
 
To summarize this dissertation, we demonstrated compact microlasers with 
revolutionary new functionalities by exploiting the optical design driven by non-Hermitian 
physics. Benefited from the extraordinary design freedom with an entire complex 
permittivity domain, we first demonstrated a vortex microlaser engineered at an 
exceptional point (EP) with gain/loss and real refractive index modulations on an active 
semiconductor platform. Beyond enabling the emission of vortex light, our approach also 
enhances the stability and efficiency of microlasers despite the presence of additional 
optical losses introduced by the non-Hermitian modulations. Evolution from the static 
vortex microlaser, we later demonstrated a highly scalable and tunable topological charge 
vortex microlaser enabled by optically controlled non-Hermitian coupling. In addition, 
ultrafast control of fractional OAM emission from the tunable vortex microlaser was 
demonstrated by harnessing the fast transient optical gain.  The toolbox of ultrafast 
generating and controlling various vortex light in a scalable manner holds the promise for 
future development of multi-dimensional OAM-SAM-wavelength division multiplexing and 




In the past few years, quantum information science is radically revolutionizing our 
technologies in communication, computing, and sensing [1-5] and enables via quantum 
key distribution (QKD) an unconditional secure communication method that relies on the 
laws of physics rather than mathematical algorithms. OAM of single (entangled) photons 
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has become a promising candidate to achieve higher dimensional quantum channels for 
enhanced bandwidth and security against eavesdropping and quantum cloning [6]. So far, 
the generation of single photon OAM mainly replies on bulk and slow optics which limits 
the speed, efficiency and complete integration. Our toolbox of generating ultra-flexible and 
reconfigurable vortex emission based on non-Hermitian physics may pave the way for 
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